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SUMMARY 


This study examines the feasibility of employing an orbital, on-board 
centrifuge to perform a series of physiological experiments with human sub- 
jects in space. It has as its objectives : 

a. Configuring a baseline orbital centrifuge capable of supporting the 
specified experiment series, 

b. Determining the feasibility of the experiment in terms of cost, 
safety, reliability, stability, weight and other parameters. 

c. Defining a ground-based, engineering development test model 
of the centrifuge and its corresponding test plan. 

d. Determining the effect of cross-coupled angular accelerations 
on the experiment by performing manned centrifuge tests to 
evaluate this condition. 


Experiment Requirements 

In the initial configuration studies it became immediately apparent 
that the principal configuration drivers would be the experiments themselves. 
These were identified as: 


T-010A 

T-010B 

T-010C 

T-010D 

T-010E 

T-010F-1 

T-010F-2 

T-010G 

T-010H 


Greyout Thresholds 
Therapeutic 

Angular Acceleration Thresholds 
Tilt Table 

Coupled Angular Velocities 

g- Sensitivity (Y axis, pitch - measured by VOG) 
g -Sensitivity (Xaxis, roll - measured by eye counter- 
rolling) 

Re-entry Simulation 
Mass Measurement 


Preliminary design of each experiment was accomplished and is detailed 
in Volume IV of this report. Each experiment was analyzed for requirements 
which provide a range of rotational velocity, acceleration, control threshold, 
dead band time requirements, radius and positioning capability defining the 
centrifuge mechanism and its systems. 
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Parametric Sizing and Installation 


A parametric study of the centrifuge configuration was performed to 
determine optimum radius and other pertinent characteristics. Significant 
findings are that centrifuge radius does not optimize to a specific value but 
can be bounded within the range of 7 to 10.5 ft. A review of possible space- 
craft installations lead to the selection of the S-IYB Ground Fitted Station 
(EOSS), an S-IVB Workshop Cluster and a CSM/ LM assembled with a special 
centrifuge module as the most desirable. For compatibility with these three 
installation situations, an 8.5 foot centrifuge radius is recommended. Other 
approximate characteristics associated with this size centrifugg .are : total 
experiment weight, 3050 lbs; moment of inertia, 1441 ft- l^j- sec ’maximum 
momentum, 8040 ft-lb-sec; volume requirement, 2200 ft ; volume efficiency, 
13.3%; maximum disturbance frequency, 1.08 Hz. 


Stability and Control 

An extensive analysis of the stability and control dynamics associated 
with operation of the centrifuge aboard the selected spacecraft was made. 
This analysis considered the effect of spacecraft perturbation on the centri- 
fuge experiment, as well as stabilization of the vehicle itself. The order 
of magnitude of allowable spacecraft motion can be approximated by con- 
sidering a sinusoidal attitude oscillation yielding an equivalent maximum 
acceleration and rate. This was found to be: 2.4 degrees at 1. 9 rad/sec 
for high-g experiments; 28. 8 arc minutes at 0. 66 rad/ sec for low-g exper- 
iments; and 1.7 arc minutes at 1.0 rad/sec for low angular acceleration 
experiments. Evaluation of attitude control system performance revealed 
that CSM type reaction control was too coarse for all except the high-g 
experiments but that a CMG system such as is provided for the ATM would 
give sufficient control. The presence of the large momentum of the centri- 
fuge does not change the performance of the attitude control system appre- 
ciably. Vehicle stabilization requires that a counter -momentum system be 
employed to react spin-up and spin-down torques and that an automatic 
balancing system be included to limit static unbalance forces to a maximum 
of 10 lbs. Dynamic unbalance need not be compensated for unless further 
experiment design requires test subject motion out of the plane of centrifuge 
spin. 

Centrifuge static unbalance causes a disturbance torque at centrifuge spin/ 
frequency. It is desirable that the maximum spin rate be below the installation first 
mode bending frequency. Those flexural modes caused by small mass appendages 
(solar panels, etc. ) may be excluded if excitation at their structural frequency can 
be tolerated. In any event, installation and structural dynamics analysis is an 
important aspect of the centrifuge design • 

Comparison of the experiment requirements with the resulting space- 
craft control capability indicates that sufficient stability can be achieved 
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for the three installations studied. In the case of the CSM/LM/SRC config- 
uration, the spent S-IVB booster must remain attached to the spacecraft for 
adequate control performance. 


Centrifuge Design 

The centrifuge design is dictated by the motion and performance re- 
quirements of the experiments. These are summarized as: 

• Primary Rotation 

a. Manual and automated control 

b. Controlled deceleration - integral, fail-safe brake 

c. Over speed cut-out 

d. Hub mounted sealed drive unit. 

• Radius Arm Translation 

a. Powered operation for each position 

b. Dual, positive, manual locks at each position 

c. Drive interlock with couch pivot 

• Couch Pivot Drive 

a. Manual and automated control 

b. Positive position control by manual lock 

c. Drive interlocks with radius arm position 

• Couch Roll Drive 

a. Automatic operation through function generator 

b. Dual manual locks at fixed positions 

• Couch Translation and Body Adjustments 
a. Manual positioning only. 

In providing these motions, the centrifuge evolves into a highly integrated 
system of structure, mechanisms, controls and instrumentation. The overall 
design, however, is found to be straightforward and within the capability of existing 
technology. 
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A configuration for the ground based, engineering development prototype of 
the orbital centrifuge was derived from consideration of the test and development 
objectives to be met. These require that the ground based prototype be designed with 
complete structural and systems simalarity to the orbital centrifuge. In addition, a 
90 degree repositioning capability for the couch pivot axis appears desirable to allow 
g- vector alignment during geo-baseline data development. 

Feasibility Studies 

Additional studies were performed to develop data concerning feasibility of 
the centrifuge experiment. The areas investigated included reliability, failure mode 
and effects, safety, cost, weight, power, life support and environmental control. 

In the area of reliability, failure mode and effects analysis, it was determined 
that man- rated reliability levels are achievable through the use of high reliability 
components, active parallel redundancy in critical functions and a limited number of 
spares. Practical solutions were found to all critical failure modes. 

Safety review and analysis was conducted with respect to centrifuge design 
and operation. Safety ground rules were postulated and implemented as the design 
emerged. While many areas which affect the safety of the experiment were disclosed 
by this review, no situation appeared which was judged inherently unsafe or which 
could not be avoided by sensible design and experiment procedure. 

Economic feasibility was evaluated and a cost estimate prepared with de- 
tailed breakdowns for the two phases of the program covering the ground test unit 
and the flight unit. Baseline cost was estimated at $2. 9M for the ground test unit 
and $9. 1M for the flight unit. For the level of detail available for this estimate, 
a variance range of -10% to +50% is recommended. 

A detailed weight breakdown was made for each of the centrifuge installations 
studied. Weights chargeable to the centrifuge were 3, 158 lbs, for the EOSS instal- 
lation, 12, 972 lbs. for the CAC and 42, 719 lbs. for the CSM/LM/SRC version. 

The payload capability of existing launch vehicles was found to be adequate for each 
installation option. 

Power requirements of the centrifuge and experiments were evaluated and 
found to be reasonable. A solar cell/battery source was recommended for supplying 
centrifuge requirements. This consists of a 100 ft 2 solar array and 220 lbs. of 
batteries. 

Life support and environmental control requirements were also evaluated and 
found to introduce no new equipment requirements for the advanced spacecraft 
studied. 
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Conclusions 


As a result of this study effort the centrifuge experiment is judged to be a 
reasonable and desirable future program which will contribute significantly to our 
knowledge of human physiology in both the space and terrestial environments. All 
major factors affecting the centrifuge experiment have been evaluated. In no case 
has a serious challenge to its feasibility arisen. 



INTRODUCTION 


This study program is a detailed design and planning activity leading 
toward orbital application of an on-board centrifuge for the study of human 
physiology. It is the first phase of an anticipated four-phase program 
accomplishing the over-all experiment. These phases are identified as: 

Phase I: The present study effort, which configures the orbital 

centrifuge, establishes its feasibility and defines a 
ground-based prototype of the machine. 

Phase II: Detail design and fabrication of the ground-based 

engineering development prototype and appropriate 
testing using this machine. 


Phase III: Detail design, fabrication, integration and qualification 

of the flight centrifuge and experiments. 


Phase IV: The orbital experiment flight. 


Previous conceptual design studies and test programs have served to 
outline experiment requirements and narrow the range of investigation of 
equipment mechanization required to perform these experiments. Using 
such background, this program provides the realistic detail which clearly 
establishes the feasibility of the flight equipment configuration and allows 
an advance of procurement activity for the ground-based test hardware. 

Program Objectives 

The objectives of the initial phase of the over-all experiment program 
are defined as follows: 

a. Establish the feasibility of incorporating the flight version of 

a manned centrifuge, its systems and its associated equipment 
in realistic, near-term space vehicles, including the modified 
EM/ CSM combination, the S-IYB Workshop Cluster and ground 
fitted orbital stations. 

b. Provide a complete conceptual design for the flight experiment 
centrifuge. 

c. Provide a detailed predesign of a full-scale, ground-based, 
engineering development test model of the flight centrifuge. 
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d. 


Develop a test plan for the next over-all program phase to be 
used to verify the centrifuge and experiment design. 


These program objectives have been attained by identification and 
timely completion of all necessary related task areas. 


Study Approach 

The major task areas necessary to reach program objectives were 
analyzed and expanded to provide the program schedule. The sequence and 
interrelation of these tasks is as shown by Figure 1. Three sequential 
phases were employed to insure orderly progress through the study. As 
indicated, an initial trade-off study was employed to reduce the centrifuge 
and installation configuration to a single, well defined, baseline which is 
most representative of the future experiment requirement. Experiment 
requirements and design, as detailed in Volume IV of this report, were 
most influential in establishing the initial mechanism parameters. Other 
selection criteria such as stabilization and control dynamics, weight, safety, 
reliability and cost were also applied as necessary to arrive at an appro- 
priate baseline which was compatible with the most likely installation possi- 
bilitie s . 

With selection of the baseline mechanisms and systems, a detailed 
predesign of the centrifuge was made and its feasibility studied in depth. 

This was the major assignment of the Phase II study period. In conjunction 
with the feasibility studies of the flight configuration, predesign of the 
ground-based centrifuge was accomplished to ensure that compatibility of 
these concepts was maintained and to allow immediate entry into the detail 
predesign of the ground-based prototype. 

In the third phase of the program, emphasis was directed toward the 
detailed description of the ground-based engineering development prototype 
and its test plan. Complimentary activity was concerned with the performance 
of manned centrifuge tests to determine the threshhold values of cross-coupled 
angular acceleration effects such as may result from the combined motions 
of the centrifuge, the spacecraft and the test subject. The cross- coupled 
acceleration test activity is documented in Volume III of this report. 
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CENTRIFUGE OPTIMIZATION & INSTALLATION CONSIDERATIONS 


The orbital, on-board, centrifuge is designed primarily as a mechanism for 
the support of physiological experimentation in space. Its function is to apply 
centripetal forces to an individual after varying lengths of exposure to weightlessness 
while he is still in the weightless environment and to measure the results of such 
exposure. In this respect, it has the same relation to basic physiology as tensile, 
shear and hardness testers have to materials research or particle accelerators 
have to nuclear physics. In essence, it is a stress applicator which allows the 
study of physiological response under controlled conditions which are unique to the 
orbital situation. 


Radius and Rate 

One of the more interesting preliminary questions regarding the centrifuge 
involves determining the radius and angular velocity requirements of the device. 

In more specific terms, what optimum combination of these parameters should be 
employed to provide (he required experimental conditions? For this, we must 
evaluate the demands of the spacecraft installation, the requirements of the experi- 
ment and the reactions of the astronaut subject himself. As will be shown, 
centrifuge radius will not optimize to a specific value, but can be bounded by con- 
sideration of these factors. In this regard, the items which are most influential to 
centrifuge radius are: 

. Geometry of available boosters 
. Centrifuge inertial properties 
. Space utilization efficiency 
. Disturbance frequency 
. Cross -coupling acceleration 

Booster Geometry. - The size of boosters which may launch the centrifuge 
experiment is most influential in fixing an upper limit to centrifuge radius. This is 
simply the result of the device having to be "internal" to some spacecraft whose 
dimentions are generally established by booster characteristics, principally the 
diameter of the upper stage. The centrifuge radius will be incrementally bounded 
by housing diameters of 10 ft. , such as provided by Atlas or Titan launched 
modules, 22 ft. diameters representative of the S-IVB, and 33 ft. module diameters, 
such as would be possible if the S-IC/S-II combination served as a booster. This 
gives us a limiting range of 5 to 16. 5 ft. for the centrifuge radius. 

From an examination of the preliminary designs of the centrifuge, it is 
apparent that the useful maximum radius of the centrifuge will differ slightly from 
the maximum radial dimension of the unit. This is due primarily to the roll frame 
clearance requirements. If we designate r £ as the maximum radial centrifuge 
dimension and r m as the maximum useful radius to the test subjects center of gravity, 
then: 



r s3 


( 1 ) 


r + 2. 16 ft. 
m 


This relationship is used in the following development to examine the influence 
of the housing on the centrifuge design. 

Centrifuge inertial p roperties. - In determining the weight scaling of the 
centrifuge, consider that weight variation as a function of radius will involve 
mainly changes in arm weight and counterweight mass for static balance. Some 
variation in the distance over which the counterweight must travel will also affect 
overall weight but will be of second order influence. Most components of the 
centrifuge which affect the counterweight will be independent of radius. For the 
present design, these constants are identified as: 



W 


c 


= Test Subject Wt. = 175 lbs 


Couch Wt. 

Pivot & Roll Frame Wt. 

Power & Communications Wt. 


= 167 lbs 
= 140 lbs 
= 150 lbs 


632 lbs 


This 632 lbs operates at a radius (r m ) of 6. 33 ft. in the base line design. 
Assuming that the maximum position of the counter balance is fixed at 5. 33 ft. , 


and including the influence of the translation arm weight, W a , 
by: 

W a = 18 r + 80 

d m 

which is related 
(2) 

Then 

632 r m + Xj f - (18 r m + 80) = 5. 33 (W £w + 285) 



The counterweight mass then becomes: 



W cw ' *• 69 r m 2 + 126 r m ' 285 

(3) 

In a similar manner, simple linear weight scaling relations are developed 
from the base line design for: 


Centerframe Weight = W = 4Q r + 147 

cf m 

(4) 


Drive Hub Weight = W h = 4 r m + 17. 7 

(5) 
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A constant contingency allowance, W e , of 125 lbs is carried for the rotating 
system weight. 

For the non-rotating systems, dependance of the counter momentum system, 
rotational drive system and power system weights on centrifuge momentum makes 
it necessary to derive inertial and momentum characteristics as a function, of r m at 
this point. , 


Centrifuge moment of inertia, L.„, 

W - /r_ -N 2 /w c :+w 


may be approximated from the relation: 


oc 


gc 2 


Sr 


m 


W 

■ CW 

Sc 


(5. 33 r 


+ K, 


( 6 ) 


Knowing the expressions for W a , W c , W ts and W cw as previously derived, 
the value of the constant, Kj_, can be found from the base line values of Iq C = 1441 
slug ft2 at r m = 6. 33 ft. In this case, Kj = 84. The parametric expression for 
centrifuge inertia then becomes: 

I oc = . 1395 r m 3 + 21. 762 r m 2 + 111. 2 r m - 167. 5 (7) 


Centrifuge momentum, M Q , is related to inertia by the expression 

M Q = I QC 0, ft-lb-sec (8) 

where 

♦ 

0 is the angular velocity in radians/sec. 


Knowing that the g loading at r m is 
r 2 


(9) 


Equation (9) can be used to find 0 by assuming g = 9. 0 based on the desired 
mechanical capability of the centrifuge for re-entry simulation. Thus: 


0 = /- 


SSr 


L m 


17 


( 10 ) 


It is significant that equation (10) also represents the maximum disturbance 
frequency. Substituting equations (7) and (10) in (8), the centrifuge momentum 
becomes: 

M 0 = 2. 375 r m 2 ‘ 5 + 370 r^' 5 + 1890 r m ^ 2 - 2850 (11) 
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In calculating the counter momentum system weight, W cm , the CMG is the 
dominant factor. The momentum requirement of each single axis CMG is 


(“o-igoo) ( 2 ) 


rorque 


1441 (. 17) 


From Reference 9, the weight of each CMG for a T/H is 150 lbs. Scaling 
is quite linear in this range and can be approximated by: 

w cm * 2 [-05 2 AH C + 25]= .03 M Q + 20 (13) 

Substituting equation (11) in (13), the counter momentum system weight becomes: 

W cm * ‘ 07125 r m 2 * 5 + U * 1 r m L 5 + 56 * 7 x m' 1 ' 65 - 5 (14) 

For the rotational drive system, the weight, W d is taken as a function of 
centrifuge inertia and reduces to: 


W H = 12 r m - 152 + 595 


Scaling power and distribution system weight, Wp, as a function of r m , the 
predominant relation is: 

® (16) 

Using 140 lbs/HP as a function of the base line design and applying a linear 
scaling law 

_ 140 1q C (17 ) 2 
P 550 (40) r m 

W ^ . 256 r m 2 + 40 r m - ^ + 204. 5 (17) 

r r m 

As a part of the non-rotating centrifuge weight allocation, a number of additional 
items must be included. These are: 


W Y = Experiment Systems and Expendables = 200 lbs 
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W ci = Weight of communications and illumination systems; taken as a 
function of sweep area and related by: 

W ci = . 494 rm 2 + 21. 35 r m + 23 (18) 

W yc j = Weight of noise and vibration damping provisions = 110 lbs 

W en -= Non- rotating weight contingency = 100 lbs 

Collecting all of the rotating and non- rotating weight items in a single 
expression results in a total centrifuge parametric weight function (W t ) 

W t = W c +W a +W cw + W cf + W h +W e +w x 

+ w cm + W d + W p + W ci + W vd + W en , 

= . 07125r m 2 * 5 + 16. 74 r m 2 + 11. 1 r m l * 5 + 17. 35 r m 

+ 56. 7r m 1/2 + 1709 - — (19) 

r m 

Values of W t are shown plotted over the most likely range of r m by Figure 2. 
While a sharp increase in Wt is reflected for increasing centrifuge radius, the 
actual weights are not so great that large radius centrifuges would be prohibitive 
even if experiment requirements were strongly in their favor. In fact, considering 
that the larger radius centrifuges would be associated with much heavier spacecraft , 
the percentage of the configuration weight devoted to the centrifuge is likely to 
decrease with increased r m » Some appreciation of this trend can be obtained by 
including the spacecraft module and other weights with the centrifuge weight. 

An approximation of the manner in which the SRC module characteristics 
change in relation to centrifuge radius is found from the data of Table I. This data 
is based on a series of point designs using the modular centrifuge housing concept 
illustrated in Figure 8 . Adding the module and other weights to the basic centrifuge 
weight results in the weight variation shown by Figure 3. In terms of the percentage 
of total spacecraft weight, the variation from r c = 5 to 15 feet again illustrates 
that weight is not an overriding factor in specifying centrifuge radius. Consideration 
of the centrifuge as a payload may be obtained from boost capability data included 
in Figure 3. For the 5 foot radius centrifuge, launch of a centrifuge module, LM 
control station and a CSM type manned entry vehicle is beyond the capability of the 
TitauIIIC plus transtage. For the CSM, this would also result in a hammer head 
payload envelope which may have some aerodynamic problems. A more practical 
launch vehicle would be the Saturn-IB/Centaur which, with adaptor, would have an 
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Table I. Centrifuge Module Characteristics as a Function of Diameter 


Rotating Mass. , lbs 

Shell (bulkheads + cylinder), lbs 

Support Structure, lbs 
Insulation (. 691b/ft^) , lbs 


Meteoriod Shield Thickness, in. 
Weight/ft 2 x 1. 34 (Normalized) 

Surface Area, in^ 

Surface Area, ft 2 


MOL 

SRC 

S-IVB 

S-H 

10 ft. 

18 ft. 

21. 25 ft. 

33 ft. 

Dia. 

Dia. 

Dia. 

Dia. 

1349 

2021 

3432 

4507 

330 

945 

1320 

3050 

386 

543 

646 

866 

216 

464 

585 

1130 

932 

1952 

2561 

5046 

.056 

. 072 

.080 

.095 

. 78 

1.04 

1. 16 

1.36 

45,200 

97,600 

122,600 

239,500 

315 

675 

850 

1,660 
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Table 2. Centrifuge Configuration Weight (lbs) as a Function of Maximum Radius 




WEIGHT 

- lbs 


ITEM 

re * 5. 00* 

r c * 9. 00 ' 

r c * 10.62' 

r c = 16.50' 

W c 

457.0 

457.0 

457. 0 

457-0 

w a 

131.1 

203. 1 

232. 5 

338-0 

V 

86.6 

656.1 

904- 0 

1871- 0 

w cf 

260.8 

421.0 

485.5 

721.0 

w h 

29,0 

45.1 

51. 5 

75. 1 

w 

vv e 

125. 0 

125.0 

125.0 

125. 0 

W 

X 

200.0 

200.0 

200.0 

200. 0 

W cm 

84.0 

290. 0 

388. 0 

804.0 

W d 

260.7 

116.0 

165. 0 

885.0 

w p 

211.0 

445. 0 

524. 0 

810.0 

W ci 

5.0 

40.0 

55.8 

135.0 

W vd 

110.0 

110.0 

110.0 

110.0 

w 

en 

100.0 

100.0 

100.0 

100.0 

Basic 

Centrifuge 

2060.2 

3208. 3 

3796. 3 

6631. 1 

SRC Module 

932.0 

!■ 1952. 0 

2561. 0 

5046. 0 

ECS & Interface 

880.0 

880.0 

880. 0 

880.0 

SRC 

3872.2 

6040. 3 

7237. 3 

12557. 1 

LM and Sys. 

5900. 0 

5900.0 

5900. 0 

5900.0 

LM/SRC 

9772.2 

11940.3 

13137. 3 

18457. 1 

Stab- Propellant 

1879.0 

1879, 0 

1879. 0 

1879. 0 

Life Support 

3400.0 

3500.0 

3600. 0 

4000 

De- orbit Propellant 

1300. 0 

1300. 0 

1300. 0 

1300. 0 

CSM 

23900. 0 

23900. 0 

23900. 0 

23900. 0 

Contingency 

40251. 2 
200.0 

42519. 3 
200.0 

43816. 3 
200-0 

49536. 1 
200.0 

CSM/ LM/SRC 

40451,0 

42719. 0 

44016. 0 

49736. 0 


/■QL. I 


11 






adequate payload weight capability and envelope. For intermediate sized units up 
to r c = 10. 5 ft, the Saturn- IB is the appropriate booster. At 10. 5 ft r c , the full 
configuration, including CSM, is slightly beyond Saturn-IB capability to a 250 n. mi. 
orbit and would require some sort of up rating such as the addition of 120 in. solid 
rockets as a 0 stage. Alternately, two Saturn-IB launches with a split payload 
would suffice. For centrifuge module and spacecraft configurations between 10. 5 
and 16. 5 ft, launch by an S-IC/SII combination is indicated. Here, the centrifuge 
spacecraft weight is only a small fraction of the total payload capability. 


Centrifuge space utilization. - Many spacecraft configuration studies have 
shown that space rather than weight is the limiting design parameter. This is 
particularly the case in the Workshop and EOSS versions of the S-IVB. As orbital 
stay-times lengthen, increasingly larger allocations are being specified for crew 
facilities, storage and experiment volume. The efficiency with which the centrifuge 
employs its required experimental volume is, therefore, an important optimizing 
criteria. If we designate the centrifuge module volume as V m and the actual 
volume occupied by the machine as V c , then we may express space utilization 
efficiency as: 

V 



( 20 ) 


Considering the centrifuge hub volume central support frame, counterweight 
enclosure and couch volume as fairly constant over the applicable range of V c , then 
a simple expression for the volume change with r c can be derived. This function, 
which is plotted in Figure 4, is found to be: 


V c = 9. 88 r c + 258. 5 (21) 

If the volume of the centrifuge module is taken to be the sweep volume of the 
machine with a clearance allowance of 6 inches from the center frame , then V m is 
simply: 

V m = 8 ‘ 77r ( r c + * 5 > 2 (22) 

This factor is also shown in Figure 4 and represents minimum space requirement 
of the unit which optimistically may be achieved in installations such as the EOSS. In the 
modular concepts, the volume requirements will be somewhat greater because the module 
closures will be pressure bulkheads rather than mearly separators. The optimistic 
volume utilization factor for the centrifuge is then: 

9. 88 r + 258. 5 

T) = 9 2 (23) 

s 8. 7rr (r £ + . 5) 
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This function is plotted in Figure 4. While even small radius machines do not 
exhibit particularly good space efficiency, the desirability of keeping the centrifuge 
radius as small as is consistent with experiment requirements is clearly indicated 
with respect to this parameter. 


Drive motor power. - The possibility that large radius centrifuges would 
require excessive power or impose some undesirable motor development require- 
ments was investigated by developing a parametric expression for motor horsepower 
in terms of centrifuge radius. A factor of 1. 5 was assume d to cover electrical 
efficiency, bearing loss and aerodynamic effects. Then, for maximum acceleration. 


HP 


1. 5 I (0) 2 
oc 

550 (40) 


(24) 


Knowing expressions for I and 9 from equations (7) and (10), horsepower 
becomes: 


HP 


.01975 


. 1395r m 2 + 21. 762r m + 111. 2 - 


167.5 


m J 


(25) 


This horsepower relationship is seen ploted in Figure 5 . In the 5 to 10 foot r c 
range, power is shown to be quite modest. Even for the 15 foot machine, the power 
requirement of 8 horsepower is not unduly compromizing. While the desirability 
of minimizing radius is shown for this parameter, it is not a strong factor in con- 
figuring the device. 


Disturbance frequence. - A detail evaluation of the implications of centrifuge 
unbalance and frequency effects is given in the stability and attitude control section 
of the report. One of the most significant factors revealed by this work is the 
importance of keeping the disturbance frequency of the centrifuge well separated 
and below the first bending mode frequencies of the spacecraft. As a general rule, 
fewer dynamic and control problems are likely to occur if the centrifuge disturbance 
frequencies are kept as low as possible. In as much as disturbance frequency 
decreases with increased centrifuge radius, this becomes one of the few factors which 
favor a larger radius machine than is necessary from an experimental standpoint. 
While this factor is very. difficult to treat in general terms because of the elusiveness 
of spacecraft bending criteria, parametric presentation does reveal some interesting 
trends. If we use equation (1) in equation (10) and plot the values of 0 vs r c over 
the range of experiment centrifugal force requirements, a region of probable dis- 
turbance may be established. This is shown in Figure 6. Taking bending data points 
such as are provided by references 7 and 8 and using the observation that the more 
massive the spacecraft becomes , (larger r c ) the lower its natural frequency is 
likely to be, a region of possible bending frequency occurance can be deduced. 
Superimposing the bending frequency region on the disturbance frequency region 
in Figure 6 reveals a high probability of coincidence between these mutually ex- 
clusive parameters unless specific steps are taken to avoid it. Further inspection 
reveals these general trends: 
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/FIRST BENDING MODE 
CLUSTER DATA (REF. 7) 




a. Most of the advantages of a larger radius have been gained at an r £ of 10 or 
11 ft. and further increase in r e will probably be counteracted by the 
tendency to lower bending frequencies. 

b. Reducing disturbance frequency by lowering experimental g capability, for 
instance, from 9-g to 6-g maximum, is not significant enough to be 
attractive. 

c. The installation of a small radius centrifuge in a large diameter vehicle 
does not appear to be practical in the extremes. Up to an r c of 10-11 ft, 
the tendency will be to utilize the full diameter of the stage available for 
installation. 

In general, the installation of the centrifuge should be included as an integration 
factor early in spacecraft configuration studies so that the tendency to low bending 
frequencies may be counteracted by appropriate design. 


Cross-coupled acceleration. - A final aspect in the question of centrifuge 
radius selection is the reaction of the test subject to short radius operations. The 
factor in question is mainly the cross-coupled accelerations produced by head turns 
out of the plane of centrifuge spin. If we designate this cross -coupling as >Ir, then 


* 


0 x to 


(26) 


where 

0 = Centrifuge angular velocity, rad/ sec. 
co = Head turn rate, rad/sec. 


To evaluate the significance of this factor, a limit of = 100°/ sec may be 
assumed at which performance degradation and disorientation may occur from the 
resulting stimulation. This is consistant with the experimental work of References 
10 and 11. For the orthogonal case, the limiting condition becomes simply: 


1.745 

0 


(27) 


Introducing 0 from equation (10) results in: 


CO = l. 745 


Ac - 2 - 16 

^ 32. 2g 


(28) 


This relationship is plotted in Figure 7 for various levels of g required by 
experimentation. It is evident that head turning activities will be limited at high-g 
with the short radius machine but even at 15 ft. the situation is not improved 
significantly enough to make this an attractive solution. A better approach is to 
eliminate head turning at high-g which is the case in the experiment protocols now 
specified. 
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Figure 7. Head Turn Rate as a Function of Centrifi 
lOC/sec^ Cross Coupling Acceleration. 



Radius selection. - Having observed the behavior of significant parameters 
as a result of varying centrifuge radius, the question remains, where within the range 
studied should the centrifuge radius be fixed? Clearly, no firm optimum presents 
itself but the bandwidth of acceptability can be narrowed to reasonable limits. Con- 
sidering the lower side of the range of r c in terms of experirre nt requirements the 
5 ft. radius machine is seen to have an effective arm of only 2. 84 ft. This is quite 
restrictive to subject manipulation and in achieving radial difference for experiments 
in which radius is a factor. Considerable experimenter resistance has been found 
to fixing radius at so short a length and this resistance does not diminish until an 
r c of 7 or 8 ft. is reached. From the standpoint of weight, volume efficiency and 
power, the radius should remain at about this minimum. On the other hand, 
disturbance frequency and cross-coupling effects are relieved by specifying a slightly 
larger radius, in the range of 10 to 11 ft. In this range, the 22 ft. diameter of the 
S-IVB stage is the logical candidate and with clearance requirements will fix the 
upper radial limit of the centrifuge at 10. 5 ft. For this study further considerations 
of installation and launch requirements have resulted in the selection of 8. 5 ft radius 
as the optimum consistent with both modular launch and direct spacecraft incorporation. 
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Installation Configuration Trade-Off Studies 


In early contract studies, various applications and installations of the centrifuge 
were reviewed with the object of selecting a single base line configuration to be 
examined in detail as to its feasibility as an experiment. This approach was taken 
in order to allow concentration of sufficient effort on the base line. In general, the 
configurations examined were selected to differentiate between vehicles involving: 

a. Apollo CSM/LM Stationary centrifuge module 

b. Apollo CSM/LM/ Rotating centrifuge module 

c. Apollo LM/Stationary centrifuge module/S-IVB workshop cluster 

d. S-IVB workshop/centrifuge installation 

e. S-IVB, EOSS (dry launched)/centrifuge installation 

The method used to make this differentiation was a numerical rating scheme 
based on selected parameters which are most influential in establishing feasibility 
of the gross configuration. The resulting ratings are summarized in Table 3. As 
this type of evaluation is highly subjective, no absolute significants should be assigned 
to the numerical totals. Only relative values are of significance. The rating should 
be considered only as a method of presenting a balanced opinion based on present 
knowledge of the factors involved. 

Basic module identification . - The basic modules used in the various con- 
figurations are identified as follows and grouped as illustrated in Figures 8 through 18: 

A. Extended capability Command and Service Module (CSM) 

B. LM Lab. - AES LM with extended mission capability (45-90 day) 

1. LM Lab. Same as (b) but detachable from centrifuge module 

C. Space Research Centrifuge (SRC) Module - configured for permanent 
attachment to LM Lab. Access to SRC Module through tunnel from LM 
side docking hatch. Separate docking natch located at center of SRC lower 
bulkhead. 

1. SRC Module configured for permanent attachment to LM Lab. Optional 
separation from SLA (S-IVB stage). Side docking hatch is provided for 
CSM docking or emergency/ resupply docking. 

2. SRC Module configured for separation from LM Lab after launch. 

Axially symetric docking hatches provided in both top and bottom bulkhead 
of SRC. 
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3. SEC Module configured for separation from LM Lab after launch. 

Docking hatches for CSM and LM Lab provided at opposite sides of 
of cylindircal section of SRC as slightly offset to prevent centrifuge 
arm from simultaneously blocking both openings. 

4. SRC Module configured for rotation as an integral unit. SRC is permanently 
attached to LM Lab at rotation interface. Access to SRC provided by 
tunnel from LM side hatch to rotating interface. Expandable structure 

and counter balance may be hardened after deployment or used to pro- 
vide variable radius. 

5. SRC Module configured from S-IVB stage. (Consider both wet or dry 
launched versions. ) 

D. S-IVB Spent Stage used as stabilizing mass or housing. 


Configuration trade-off factors. - Combinations of the basic modules were 
selected which emphasize differences in the selected trade-off criteria. These 
factors and their weighted relationship are: 

POINT VALUE 
(Best Configuration) 


1. Orbital Assembly Time 

2. Dynamic Stability 

3. Structural Complexity 

4. Relative Reliability - Operational 

5. Relative Complexity 

6. Relative Cost 

7. Weight Difference 

8. Safety 


Vehicle Docking 

Systems Tie-in 10 

Checkout 

10 

Launch Configuration ^ 

Orbital Configuration 

20 

Existing Equipment Changes ^ 

New Systems 

10 

5 

30 

Maximum Total 100 


Baseline installation selection. - Based on the evaluation criteria and weighting 
values outlined, a clear preference is shown for the dry launched S-IVB (EOSS) as a 
gross installation base line. While this may be optimum from the standpoint of 
centrifuge feasibility, consideration must also be given to the validity of this choice 
in terms of probable future missions and the type of hardware which will be available. 
Some observations which support the selection of the EOSS base line are: 
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a. Centrifuge is identical for EOSS or LM/SRC module installation 

b. EOSS installation allows study of centrifuge interaction with cluster bending 
frequencies and elastic behavior. 

c. EOSS installation allows study of centrifuge experiment integration with low 
"g" experiments, ATM operation and other experiment activity proposed for 
the zero "g" clusters and space stations. 

d. SRC module is a simple uncomplicated state-of-art structure. Depth of 
detail presently available from the trade-off study is sufficient to provide 
preliminary data should this approach become a preferred flight instal- 
lation. 

e. In the event that the S-IVB workshop is the only available configuration in 
which to use the centrifuge, the study indicates that a cluster associated 
LM/SRC module will be more economical than a tank installed, LH2 
qualified machine. Dynamic problems and experiment integration in such 
a cluster arrangement will be similar to those evaluated in treating the 
EOSS as the base line installation. 

On the other hand, the cluster associated LM/SRC is also an excellent 
installation. Justification for this approach is based on the following observations: 

a. The centrifuge is again applicable to both installations. 

b. Cluster LM/SRC installation still allows study of the centrifuge interaction 
with bending frequencies. 

c. Study based on the cluster LM/SRC installation will result in subsystems 
definition applicable to the modular concept. 

d. In the event that the EOSS becomes the available configuration, sufficient 
background will be established to allow installation in the EOSS or docking 
of the LM/SRC to the EOSS. 

In addition to the EOSS and cluster associated installations, the CSM/LM/SRC 
module approach rates high as a possible orbital configuration particularly in the 
AB(C1) and AB(C1) D versions. 

As a result of these observations, the study effort has been directed toward 
definition of a base line centrifuge which is common to these three most promising 
installations. 
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Figure 9. SRC Configuration AB(C1) 



ORBITAL CONFIG. 
LAUNCH SAME AS AB(C1) 



VOL. 3 




Figure 11. SRC Configuration. BCA Figure 12. SRC Configuration BA(C1) 
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Figure 13. SRC Configuration A9C3) (Bl) Figure 14 . SRC Configuration A(C2) (Bl) 



Igure 15. SRC Configuration A(B1) (C4) 
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Figure 17. S-IVB Workshop Installation (WS-LO-C Configuration, Douglas). 
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Figure 18 . S-IVB - (EOSS) Configuration. 







STABILITY AND ATTITUDE CONTROL 
FEASIBILITY ANALYSIS 


Preliminary Considerations 

This portion of the study evaluates the dynamic feasibility of orbiting a 
specially designed centrifuge to accommodate the performance of particular 
experiments in a zero-g environment. 

Analysis of the specified experiments has configured the centrifuge as 
shown in Figure 75. In space the centrifuge will be hardmounted to the space- 
craft through the primary rotation drive. Ideally, the spacecraft should be an 
inertially and angularly fixed support for the centrifuge spin axis. That is, it 
is undesirable that the spacecraft installation inject any extraneous acceler- 
ations to the subject due to spacecraft angular motion. 

In operation, the spacecraft will move in response to perturbing torque 
sources from the environment, from the installation (man-motion), and from 
centrifuge itself (unbalance). The question of feasibility reduces to comparison 
of realistic experiment requirements with the effects of the perturbing torques. 
The purpose of many of the experiments is to obtain physiological data asso- 
ciated with man's response to low level linear and angular accelerations in- 
duced in a controlled manner by the various couch controls and centrifuge 
primary spin. Based upon anticipated low level data points established by 
GD/C-Langley experimenter coordination, the experiment requirements were 
set one order of magnitude below the lowest level data point anticipated. It 
should be mentioned that the requirements adopted are thought to be conserva- 
tive, that is, they are subject to change as a function of experiment design, 
but it is more probable that the requirements be relaxed rather than become 
more stringent. 

Figure 75 lists the pertinent centrifuge information regarding spin inertia, 
primary rotation rpm, angular momentum ranges, rotating weight and over- 
all dimensions which immediately characterize the machine as a sizeable 
rotating mass with a large range of variability in momentum. As the centri- 
fuge is accelerated up to speed, equal countertorque must be exerted on the 
spacecraft to avoid spacecraft motion. In addition, the mass distribution 
changes due to couch position, orientation, and subject/equipment variation, 
etc. , must be compensated to the extent that the rotating body center of mass 
lies on the physical spin axis and also that the principal inertial axis of the 
centrifuge be maintained in alignment with the spin axis. Observance of these 
requirements places the centrifuge in balance for the same reason that auto- 
mobile wheels are periodically balanced, that is, to avoid generating unbalance 
torques which induce motion of vibratory character at spin frequency. 
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In Phase I of the centrifuge study many orbital spacecraft installations 
were evaluated in a gross manner to determine candidate installations to be 
analyzed in more detail in Phase II. The installations selected are shown in 

Figures 8,. 16 and 18. They are the CSM/LM/SRC, the Cluster Associated 
Configuration (CAC) and the Early Orbital Space Station (EOSS), 

In the CSM/LM/SRC installation, the centrifuge is the only experiment. 
In the CAC and EOSS configurations, the centrifuge is one of several; for 
example, the Apollo Telescope Mount (ATM) experiment is mounted to the 
Multiple Docking Adaptor (MDA) as shown. 

In the EOSS configuration, the S-IVB is not used for propulsion into 
orbit; it is dry launched and houses numerous experiments in locations nor- 
mally occupied by propellant. For this case, the SRC is located in the most 
aft position considering that its bulk may interfere with experiments and 
mobility of personnel elsewhere in the S-IVB. This places the centrifuge a 
large distance from the ideal location, the mass center. However, if this 
separation does not cause poor attitude control, it is thought to be the best 
location from an overall design viewpoint. 

The CAC configuration reflects use of the S-IVB in propulsion to orbit. 
The centrifuge installation in this case is identical in concept to that of the 
ATM in that it is an attachment to the basic configuration. 

For each of three configurations, the gross attitude control require- 
ment of the centrifuge experiments is the same - maintain the spin axis fixed 
to the degree required. In addition, considering other experiments installed 
in the EOSS and CAC installation, centrifuge operation should not adversely 
affect other experimental activity. 

Control of the spacecraft is secured by the installation autopilot. The 
CSM on-off type reaction control system is available in all three configura- 
tions. In the EOSS and CAC configurations. Control Moment Gyro (CMG), 
a momentum transfer type autopilot control, is currently installed in the ATM 
module. Evaluation of these autopilots' capabilities relative to experiment 
requirements is pertinent to the control feasibility study. 

Installation of the centrifuge changes basic spacecraft dynamics qualities 
in that incorporation of a rotating body with large momentum causes the famil- 
iar torque coupling about axes perpendicular to the momentum vector. Eval- 
uation of this effect in regard to autopilot control capability for the CSM and 
CMG type is needed. 

The centrifuge operates at frequencies of 0 to 65 rpm. In operation 
some small residual mass unbalance inherently exists and will exert perturb- 
ing torques on the spacecraft. The effect of these torques on spacecraft 
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attitude is readily obtained when the spacecraft is assumed rigid. However, 
the more involved case, including spacecraft flexibility, should be included 
in those installation where bending frequencies lie in or near the centrifuge 
operating band. 

All of these preliminary considerations serve to identify the objectives 
and scope required of the dynamic investigations and are summarized as 
follows: 

1. Determine experiment requirements on spacecraft attitude 
control. 

2. Determine the effect of installation of a large momentum device 
on basic vehicle dynamics. 

3. Establish operating capabilities of the CSM and CMG autopilots. 

4. Determine need for centrifuge unbalance control. 

5. Determine need for countermomentum control. 

6. Evaluate autopilot control capability relative to experiment 
requirements, including effects of spacecraft flexibility. 


Centrifuge Experiment Attitude Control Requirements 

Ideally the centrifuge spin axis is held stationary in inert space as the 
spacecraft orbits. Stated grossly, the requirements are that the spin axis 
be controlled to low linear or .angular accelerations. The degree to which 
this gross requirement must be achieved is dependent upon the experiment. 
Those experiments involving threshold measurements in linear and angular 
acceleration require more stability than those involving operation at the 
higher g levels. Table 4 separates the experiments into three classes and 
gives the quantitative requirement for low linear or angular acceleration at 
the couch. 

While the degree of control is naturally specified at the couch to 
identify experiment requirements, it is desirable to translate the require- 
ments at the couch to spacecraft permissable motion. 

Figure. 1 9 illustrates pertinent coordinates from which the linear and 
angular acceleration at the couch is computed from spacecraft motion. 
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Table 4 - Experiment Requirements (Couch) 


EXPERIMENT 


REQUIREMENT 


Type 

High- g 
Type 


Description 


(a) Grayout 

(b) Re-entry Sim. 

(c) Therapeutic Use 


Angular 

Acc<°/sec 2 ) Linear Acc { § s) 

is 0. 02 g's transverse to 
radial g field per g 
— generated at the subject 

area of interest, (ears, 
heart, etc. ) 


Low- g 
Type 


Low Ang. 
Accel. 


(a) Tilt Table 

(b) g Threshold 

(c) Oculogravic 
Illusion and eye 
Counter rolling 

(d) Mass Determination 
(a) Angular Accel. 


(b) Semi Circular 
Canal Stimulation 


< 0. 03 


— 0. 002g's at the subject 
area of interest. Where 
a g level is used, the 
transverse component 
only is considered. 



X Subject Area 
of Interest 


Figure 19- Couch Linear and Angular Acceleration 
Computation Coordinates 
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In Figure 19> 


c o^ is the angular rate vector of the spacecraft relative to inert space. 

co e is the centrifuge angular rate relative to the spacecraft. It is 

aligned with the centrifuge spin axis and controlled by the centri- 
fuge main drive control system. 

R g is the perpendicular distance to the subject area of interest from 
the centrifuge spin axis. 

is the distance from the system center of mass (SMC) to the centrifuge, 
fixed in the spacecraft body. 

The linear acceleration at the couch is 

* 

R-^R + R = co. X (R + R) + cb xR+foo . * (R + R ) co . 
e s A ' c s c si A c s'J A 

- c of R + (CO.* R ) CO -[(00. + £*))• (CO + CO )1 R* (1) 

A C A s c 'A c' ' A c S ' ' 


The spacecraft angular rate and acceleration is very small in compar- 
ison to that of the centrifuge. Also, the locations of the centrifuge relative 
to the SMC is, for all configurations, located so that R C >R S so with some 
error R s is neglected in comparison to R c . The result is 


R = 


co . x E + co xR + ( co 
.A c . c s . ' A 


+ 


T 


R ) co - 2( co • co )R - co 2 R 
s c A cs.c s. 


Unwanted Inherent 

linear linear 

acceleration transverse 
due to space- acceleration 
craft angular due to centrifuge 
acceleration rotary 

acceleration 


ant 


Unwanted 

linear 

acceleration 
due to space- 
craft angular 
rate 


T 


Desired' 
Centrifuge 
acceleration 


* The dot above the vector means the total derivative. The dot below means the 
time derivative of the components in spacecraft body fixed axes. 
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For purposes of this study the source of unwanted linear acceleration 
is identified to be due to the spacecraft angular acceleration as controlled 
by the offset of the centrifuge from the SMC and the cross coupling component 
as controlled by the angular rate of the spacecraft. The worst case assumed 
is identified in Figure 20. 

2 _ 

oo^ R g (desired linear acceleration) 


R = d) -x R + 
A c 



<V 


R ) 
s' c 


(Unwanted transverse 
linear acceleration) 


Figure 20- Worst Case Definition of Required Spacecraft 
Control (Linear Acceleration) 

Figure 20 purposely places the Apollo angular rate and acceleration in such a 
position that an additive unwanted transverse linear acceleration results. Using this 
model should yield conservative results in regard to specifying limits of permissable 
spacecraft motion for a particular installation. For the low-g type of experiments, 
permissable spacecraft motion is given by: 



A c 


+ "a “a", 


32.2 


SO. 002 
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For the high-g type experiments, permis sable spacecraft motion is 
given by. 


60 A R + w, R £0 
A c A s c 

2 

CO R 
c s 


0.02 


(4) 


Consider a similar development for the low angular acceleration 
requirement. (See Figure 19.) The angular rate with respect to inertia is. 


00 = 00 A + 00 , 60 = 60 A + 60 
Ac Ac 


(5) 


Taking the total derivative yields 


co = cib + 6b + 60 x oo g 0.03 deg/ sec 
A c A c 

/ \ 

Unwanted Centrifuge Unwanted 

due to induced due to 

spacecraft angular spacecraft 

angular acceleration angular 

acceleration rate 

To again develop a worst case model, the directions of the Apollo angular 
rate and acceleration are purposely set to yield a maximum amount of unwanted 
angular acceleration at the couch. This model is shown in Figure 21. Note that 
the spacecraft angular rate component transverse to the centrifuge spin axis is 
the dominant angular rate axis as it was for the linear acceleration worst case 
model shown in Figure 20. The angular acceleration is important regardless of 
the direction. 



Figure 21 - Angular Acceleration Worst Case Model 
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Using the model of Figure 21 the requirement on spacecraft motion is. 


57.3ob A + 00 a oo ^ g (0. 03) 57. 3 (deg- sec units) (7) 

Equations (3), (4) and (7) were used to determine experiment require- 
ments on spacecraft motion. As indicated these requirements depend upon 
centrifuge parameters for a particular experiment and the installation dis- 
tance of the centrifuge from the spacecraft center of mass. Table 5 gives 
these parameters for each installation and experiment type. In regard to 
experiment type, the parameters given reflect the most sensitive experiment 
within that class. 


Table 5 - Installation and Centrifuge Parameters for Spacecraft 
Motion Requirements Analysis 


Configuration 

R c ( f t) 

Experiment Type 

High-g 

Low- g 

Low Ang. 
Acceleration 

R s (ft) 

“(rpm) 

R (ft) 
s' ' 

^(rpm) 

w c ( r pni) 

CSM/LM/SRC 

EOSS 

CAC 

23.4 
41.7 
17. 4* 

8.33 

36. 1 

1 


10 


When the values from Table 5 are inserted in equations (3), (4), and 
(7), the spacecraft requirements given in Ta"ble 6 . result. Table 6 shows 
both the spacecraft angular acceleration and rate limit assuming one to be 
zero and identifies the particular spacecraft axis where the numbers apply. 
However, the extraneous acceleration is a function of the instantaneous value 
of both. By considering an attitude sinusoid exhibiting the appropriate max- 
imum acceleration and rate, some appreciation of the magnitude of the 


* This distance is the effective value of R along the centrifuge spin axis for 
the CAC configuration. 
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Table 6. Experiment Requirements Analysis - 
Spacecraft Attitude Control 
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- Apollo CSM Roll 

- Apollo CSM Pitch 




requirement may be obtained. This value is also given in Table 6, using 
the installation exhibiting the most severe requirement. This installation is 
identified by underlining the angular acceleration and rate applicable to the 
installation. 

Table 6 is the end item of the requirements analysis. In summary, 
it tabulates the installation maximum motion allowances which avoid placing 
excessive unwanted accelerations at the subject area due to spacecraft motion. 
The installation autopilot is required to provide this degree of control in the 
presence of perturbing torques from the orbit environment and from the in- 
stallation. 


Attitude Control Systems Background 

The intent of this section is to provide background on the capabilities 
of the CSM on-off reaction type and the ATM-CMG type autopilots in the three 
candidate installations. The change in basic spacecraft dynamics caused by 
installation of the centrifuge is presented first because it shows that the essen- 
tials of spacecraft motion can be predicted by single rather than 3-dimensional 
analysis in regard to autopilot capability, Single axis models of the CSM and 
CMG autopilots are then described. 

Unperturbed Spacecraft Motion Modified by Centrifuge Installation . - 
In the initial phase of the program, emphasis was on the CSM/ LM/ SRC instal- 
lation controlled by the CSM autopilot. A three dimensional digital simulation 
was prepared to study the control capability of this combination. The detail 
derivation of equations of motion for this combination is given in Appendix A. 

This simulation was used to determine spacecraft motion until analysis 
indicated that the CSM autopilot would not meet the more demanding experi- 
ment requirements. The use of the simulation was then deemphasized in 
regard to determination of CSM autopilot performance but used to confirm 
hand calculations of the change in dynamics of the basic vehicle, excluding the 
A/P. Appendix B makes reasonable simplifying assumptions in regard to 
calculating the motion of the spacecraft with an on-board centrifuge, develop- 
ing a set of differential equations which are hand solvable. 

The centrifuge installation model used for analysis is defined in Fig - 
ure 22. 


r OL. I 


43 



y (CENTRIFUGE ROTATION RATE) 
t/ 


CENTRIFUGE 
CM 


BALANCER 
CM 


BALANCER 

ROTATION 

RATE 



► 1 (ROLL) 


2 (PITCH) 


3 (YAW) 


Figure 22- Centrifuge, Balancer Installation Coordinates 


As indicated, the centrifuge and balancer bodies are hardmounted to 
the spacecraft body at an arbitrary angle o' with the long or minimum inertia 
spacecraft axis. A coordinate frame 1, 2, and 3 is defined fixed to the space- 
craft body. 



Figure 23 _ Vehicle Angular Perturbation Model Coordinate Definition 
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Figure 23 defines the angular excursions of the spacecraft body from 
an inert (super 0) frame. These angular excursions are small. 

Assume no external torques from the autopilot or environment and no 
unbalance torques from the centrifuge. Then, the net momentum of the 
centrifuge-balancer combination is defined to be 


M 


I y - I y 

C / C B / B 


(8) 


where 

Ic» are the spin moment of inertia of the centrifuge and balancer 
bodies respectively 

Tj q , Yg are the angular rates of the centrifuge and balancer bodies 
respectively. 


As will be shown later, the value of M will be maintained constant by 
suitable additional on-board equipment. This constant value of M is assumed 
and it is presently desired to obtain the effect of its magnitude and installa- 
tion angle on the basic installation. 


With the assumptions given above, the differential equations of motion 
reduce to 



V 


- M sin a 9 = 0 J 'if 

O 

• • 

+ Mcoso' ^ + M sulci' 0 = 0 


M cos o' o ■== 0 


(9) 


where 9 , ip 0 are the small deviation angles in pitch, yaw and roll of the 
spacecraft from the inert reference. 


J 1 , J £ 9 

of inertia. 


are the spacecraft roll, pitch and yaw principal moments 


M is the net angular momentum of the centrifuge, balancer bodies 
relative to the CSM. 


Oi is the angle between the centrifuge rotational axis and the CSM 
roll axis. 
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Note that the simplified equations (9) are readily understood. The 
product of inertia and angular acceleration is s imply the inertial reaction 
torque to the stabilizing torque of the centrifuge proportional to the product 
of the net momentum and transverse angular rate. 

The two cases of interest correspond to the installation angle a. equal 
to zero degrees (alignment of the centrifuge spin axis with the spacecraft 
roll axis) and a equal to 90 degrees (centrifuge spin axis perpendicular to 
the spacecraft roll axis. ) For the two cases of interest the solution of 
Equation (9) subject to an initial condition in pitch angle and rate are tabula- 
ted below. 


a - 0 deg. 

• « O 

0 =0=0 =o 


e 

e 

0 

0 


• • 

= e o cos (Mt/ n/jTJJ = 0 O COS (Mt/j) 

u J 

* • 

= ©o + e o n/J^/ M Sin(Mt/v/jp^ ) B0 o + 9 o J/M Sin 
• • 

* © n/J,/J- Sin (Mt/ n/J 0 J ) = 0 Sin (Mt/J) 

o b j Z j o 

- (© o J 2 /M) |l - Cos (Mt/ J/M |l-cos(Mt/J)| (10) 


where J = = J„ 

Z 3 


For the a = O case (equation 10 set), the simplification resulting 
from the essentially equal spacecraft yaw and pitch moments of inertia is 
used. 


The spacecraft moments of inertia, pitch axis initial conditions and 
centrifuge momentum are needed to obtain the motion given by numerical 
evaluation of Equations (10) and (11). The centrifuge net momentum is 
5000 lb-ft— sec. The initial pitch angular rate arbitrarily used is 0. 13 
degrees/ sec. The installation moments of inertia used are given in 
Table 7. 
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a = 90 Deg. 


• • • 

<A = <A = <A = o 

• « 

© * e cos (Mt/ nHCt;) 

o 1 Z 

© = © +( © viXT /M Sin (Mt/ J7T) 

O O I Z 1 c 


'</> 

0 


©o nTV 7 ! Sin(Mt/ ) 


( © J /M) 
o Z 


1 -Cos Mt/ jn 


1 2 


( 11 ) 


Table 7 - Configuration Moments of Inertia (Slug ft. ) 


Installation 

Axis 

ROLL 

PITCH/ YAW 

CSM/LM/SRC 

24,000 

170,000 

CAC 

385,000 

3,000,000 

EOSS 

330,000 

3,500,000 
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The smallest configuration, the CSM/ LM/SRC, is the most sensitive 
to installation of the centrifuge. Using its inertial parameters. Figure 24 
shows the coning motion about the momentum vector for the two installation 
angles of interest. For the a = O case, it is seen that the crossplot of the 
pitch and yaw angle move on a circle of radius and period depending on the 
value of centrifuge net momentum. That is, the roll axis cones in a circular 
motion with period given by 


P = 2jlJL 

M 


( 12 ) 


As the centrifuge net momentum is reduced to zero, the coning motion 
is in ever larger circles such that when the momentum is zero, it is replaced 
by a continuous increase in pitch angle with no coupling to yaw. The period 
of revolution increases from 3.56 minutes to infinity as the centrifuge momen- 
tum decreases from 5000 to 0 ft-lb-sec. 


The Qt = 90 degree case is not a candidate installation for the CSM/LM/ 
SRC configuration but, for purposes of explanation of the effect of installa- 
tion angle, the motion for this case is also given on Figure 24, As indicated, 
the circular coning is replaced by an elliptical coning at a lower period indi- 
cating an overall higher inter-axis coupling. 

The period of the coning motion at a momentum of 5000 ft-lb-sec. is 
considered to be the significant parameter in regard to determining the effect 
of autopilot control on the installation. A tabulation of the period of this 
motion for all installations is given in Table 8. 


Table 8 - Coning Motion Periods (M = 5000 ft-lb-sec) 


CONFIGURATION 

a (DEG) 

PERIOD (MIN) 

CSM/ LM/SRC 

0 

3.56 

EOSS 

0 

73.4 

CAC 

90 

-22. 2 
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Initial Conditions - Pitch Angle =0. Pitch Rate =0.13 deg/sec. 
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Figure 24. Uncontrolled Spin Axis Coning Motion 



The significance of the period stems from the fact that if vehicle 
inertias increase or the momentum decreases, the effect is the same in 
regard to extent of inter-axis coupling; that is, the effect is diminished 
since the period tends toward infinity (corresponding to no cross-coupling). 
Given a choice, it is best to use an installation angle of zero. Of the three 
configurations used, only the CAC uses a = 90 degrees. The adverse orien- 
tation is compensated by the large vehicle size. 

Comparing the coning motion periods to those of CMG control indicates 
that the centrifuge momentum is not so large that the autopilot will not work 
very much like it would without the centrifuge present. 

The CSM autopilot is non-linear. It will evidence the coning motion 
within its dead zone (no action area). Outside the dead zone, it should again 
operate very much as it would without the centrifuge present. 

In summary, autopilot control analyses using single axis models will 
give adequate results. This simplification is used henceforth. 


Command and Service Module Autopilot Capability . - A detailed descrip- 
tion of the applicable portion of the CSM autopilot is given in Appendix A. 

This information was derived from references 1 and 2 obtained from cognizant 
personnel at MSC, Houston, Texas. The essential aspects of its operation 
are briefly covered below to evaluate its control capability in regard to meet- 
ing centrifuge experiment requirements. 

Figure 25 illustrates the phase-plane logic used in all three control axes. 
All three axes are identical and, excluding some minor cross coupling, 
operate independently so it is only necessary to describe a single axis, for 
example, the pitch axis. 

Assume the pitch rate and displacement is such that the point appears 
between the positive and negative decision lines, for instance, at point A. 
Under this circumstance, the autopilot does nothing and the vehicle will main- 
tain the same rate and must move to intersect the decision line at point B. 
When this occurs, the autopilot commands engine ignition. The engine con- 
figuration is such that ignition causes a 1400 lb-ft. pure couple of polarity to 
reduce the magnitude of the rate. The ignition command remains in force 
until two conditions are met. One, the minimum "on-time” is 0.014 seconds 
(minimum impulse). Two, the angular rate is reduced to that designated as 
the desired rate on Figure 25 or point C. Ideally all vehicle motion would 
stop at this point, however, there is some small residual rate such that the 
vehicle rate will probably move slight past C to the point D (not to scale). 

At this point it enters into what is termed a limit cycle, that is, it traverses 
the rectangle EFGH. 
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If it is assumed that the initial point is outside the decision line to 
begin with (at point I), then "engine on" is commanded until the desired rate 
line is crossed (point J), The motion corresponds to passage through point 
A. Subsequently, the motion is the same as described before. 

The preceding CSM autopilot description assumes no external torques 
and is introductory to the more complex realisitic situation where external 
torques due to orbit environment are considered (gravity gradient, interaction 
of on-board magnetics with the earth magnetic field, etc. ). For this study, 
the environment torque is estimated to be that. corresponding to maximum 
gravitational torque. This torque depends upon the installation and is about 
0. 25 ft-lbs for the CSM/LM/<SRC configuration, and 3. 75 ft-lbs for the CAC 
and EOSS configuration. 

For scaling purposes, use 1 ft-lb and the CSM/LM/SRC configuration 
to illustrate the operation of the CSM autopilot in the orbit environment. The 
shape of the limit cycle (perturbed limit cycle) is changed as is shown in 
Figure 26* (Figure 26Ais for roll. Figure 26Bis for pitch or yaw). As in- 
dicated for either axis the motion occurring is identical in form but the 
quantitative dimensions of the limit cycle change. Note that it is assumed 
that the start point (the initial angular rate and displacement) is in the final 
perturbed limit cycle path. Regardless of the initial rate and displacement, 
the autopilot will cause this final motion to occur. 

In the presence of environmental perturbing torques, the time between 
autopilot minimum impulse firings is inversely proportional to the external 
torque magnitude. Table 9 lists the angular accelerations, minimum impulse, 
angular rates and time between firings for each configuration. 

Comparison of Table 9 data to the requirement summary of Table 6 
indicates that generally the accelerations from the CSM exceed those of the 
more sensitive experiments but that they do not exceed those allowable for 
the high-g type. Experiment durations range from a few minutes to several 
hours. The CSM autopilot will produce firings during the experiment. 

In short, the control, afforded by the CSM autopilot is not considered 
adequate for the centrifuge experiments. 


* Figure 26 is an exploded view of the right hand, zero angular rate area of 
Figure 25. 
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Table 9 - CSM Performance Tabulation 


Characteristics 

Installation 


CSM/ LM/ SRC 

CAC 

EOSS 


Roll 

Pitch/ Yaw 

Roll 

Pitch/ Yaw 

Roll 

Pitch/ Yaw 

Ang. Accl. (firing) 
(deg/ sec 6 ) 

3. 24 

0. 48 

0. 208 

0. 268 

0. 243 

. 0222 

Ang. Rate (Minimum 
impulse)(deg/ sec) 

. 0453 

. 0067 

. 0029 

. 00038 

. 00034 

. 00031 

Environment Torque 
Estimate (ft-lb) 

0. 25 

3.75 

3. 

75 

Time Between 
Firings (sec) 


84 

5. 6 

l 

5. 

6 


Current Control Moment Gyro Autopilot Description. - As for the CSM 
A/P, the CMG type enters into the centrifuge study because of its availability 
in the EOSS and CAC configurations and its inherent superiority with respect 
to fineness of control and fuel economy for long duration missions. Control 
limitations, where they exist, must also be considered. 

There are many CMG configurations. The particular configuration used 
in this study corresponds to the Langley or ATM (Apollo Telescope Mount) 
version which appears to be the current baseline configuration. It has been 
publicized in connection with its application to the ATM installed in the CAC 
or EOSS spacecraft (as identified herein) in References 3 and 4. 

Figure 27 summarizes this configuration. As indicated, there are three 
two-degree-of-freedom CMG's with the outer gimbals hardmounted in align- 
ment with the three primary spacecraft axes. Their size, power, momentum 
and torque output capability are listed for reference. The three units are cur- 
rently mounted on the ATM module. 

Spacecraft angular displacement and rate errors are sensed in response 
to external torque. These signals are processed through a vehicle control 
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Figure 27. ATM CM G Autopilot Description 





law comprising a familiar linear addition of vehicle rate and displacement 
errors to form a countertorque command. This countertorque command is 
processed through a CMG control law to develop appropriate inner and outer 
gimbal torque signals for all three gyros. Complex geometry associated 
with the dependence of these gimbal torques commands upon the current posi- 
tion of the gyro rotors is involved and is an important area in CMG control 
system design (Reference 3). 

The countertorque is generated by commanding rotor angular rate to 
produce a rate of change of momentum. However when the accumulated 
gimbal position change corresponds to alignment of all three gyro rotors in 
any direction, the system is momentum saturated. Desaturation by means 
of the CSM autopilot is required to restore the three gyro rotors to some 
initial orientation after which the process repeats. It is desired that desatura- 
tion cycle time be as long as possible (at least a few hours). 

The gimbal rates are limited currently to that rate which yields an out- 
put torque of 160 ft-lbs/gyro. 

The CMG autopilot is a linear autopilot with good threshold characteris- 
tics (5000/1 torque output range). Its dynamic range is from 0 to about 40 
rad/ sec in regard to the transfer characteristic between torque command and 
generation. Its capability in regard to counteracting the orbit frequency and 
low magnitude orbit environment torques (i. e. gravitational torque) with 
essentially zero spacecraft motion is quite adequate. 

The centrifuge is capable of generating a change in momentum of 
about 9500 ft-lb-sec at a maximum rate equivalent to 240 ft-lbs torque. 

At any time, the maximum momentum change that the CMG autopilot can 
accommodate with a reasonable (better than 90%) probability that saturation 
will not occur is 1000 ft-lb-sec. If the CMG autopilot is to be used, a counter - 
momentum system is required. It could be sized according to the requirement 
that the net centrifuge-countermomentum system momentum change not exceed 
1000 ft-lb-sec and that the countermomentum system be capable of exerting a 
countertorque on the spacecraft equal to the centrifuge maximum spin up torque 
currently sized at 240 ft-lbs. Configuring feasible countermomentum systems 
so that the current CMG autopilot can be used is a pertinent study area. 


Centrifuge Counterbalancing & Countermomentum Systems 


Centrifuge Perturbing Torque Output . - A centrifuge body center of 
mass (CM) offset from the spin axis produces a force normal to the spin axis 
and through the offset CM. This is termed static unbalance. The force 
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obtains leverage from the distance between the centrifuge rotating body CM 
and the spacecraft CM causing a torque on the spacecraft. Figure 28 gives 
pertinent coordinates for evaluation of this torque. 

S 



Figure 28- Static Unbalance Coordinates 


The force exerted by the centrifuge on its support is the familiar centri- 
petal force and is 


_ 2 

F g = M c B S (13) 

where: 

F g is the force vector due to static unbalance 
S is the spin rate 

B is the rotating body CM perpendicular displacement 
from the spin axis 

M c is the mass of the centrifuge rotating body 
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The force is fixed in centrifuge rotating body coordinates, is in the spin plane, 
and passes through the instantaneous position of the rotating body CM. The 
torque on the vehicle caused by the static unbalance is 

_ _ _ 2 

T g = F^XE C = Mj, S BXT^ (14) 

where 

Ifcis the distance between the centrifuge installation and the SMC. 

An angular misalignment of the centrifuge principal axis with the spin 
axis produces a pure couple acting along a normal to the spin axis and fixed 
to the centrifuge rotating body. This is termed dynamic unbalance. The 
torque on the spacecraft is the same regardless of centrifuge location. To 
identify moments of inertia, assume axe s fixed to the centrifuge rotating 
body centered at the centrifuge CM with axes 1, 2 and 3. The 1 axis is along 
the spin vector, the 2 along the couch radius axis. In this rotating frame the 
momentum is 



where I 


I are the moments of inertia about the 1, 2 and 3 axes 
13 



are the familiar cross products of inertia due to 
misalignment from principal axes. 


The torque in this body fixed rotating frame is, 
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Torque along spin axis 


Dynamic Unbalance Torque 

(17) 


The fir st component is the spin- up torque and not dependent upon dynam- 
ic unbalance. The torque due to dynamic unbalance is covered by the second 
and third components which locate the torque direction to be in the spin plane. 
While the magnitude of this torque is affected by spin acceleration and cross 
product time derivative, the major effect is reflected in the spin rate squared 
term. That is, the torque due to dynamic unbalance is very nearly 


t d = s 


0 

I 


13 


12 


(18) 


The centrifuge body is hardmounted to the spacecraft. If static and 
dynamic unbalances exist, a net torque is transmitted to the spacecraft body. 
This torque causes motion of the spacecraft/ centrifuge system of a vibratory 
character at centrifuge spin frequency because the torque direction is rotating 
at spin frequency. The expressions given above are used later to numerically 
evaluate the unbalance inherent in the centrifuge design. The result of this 
evaluation is to set a requirement for an automatic balancing system com- 
prising unbalance sensing and appropriate motion of counterweights to reduce 
the unbalance to an acceptable level. This mechanism is termed the centri- 
fuge spin balance system. The perturbing torque on the spacecraft, due to 
centrifuge unbalance, : is the residual output of centrifuge unbalance as con- 
trolled by the spin balance system. 

The centrifuge spin-up/down torque during centrifuge operation is also 
a perturbing torque on the spacecraft. A reaction torque and change in 
momentum is transmitted to the spacecraft in a direction parallel to the 
centrifuge spin axis. The worst case corresponds to a spin up to 65 rpm 
at a maximum angular acceleration of 0.17 rad/ sec ^ with a centrifuge moment 
of inertia of 1440 slug-ft . The maximum torque is 240 ft-lbs. The maximum 
change in momentum is 9500 lb-ft-sec. This amount of momentum cannot be 
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absorbed by the basic spacecraft control moment gyro autopilot. Inclusion 
of a system to separately absorb this momentum is required and is termed 
the centrifuge countermomentum system. The system comprises dual 
single gimbal control moment gyros (CMG) driven such that an equal, oppo- 
sitely directed, torque and change in momentum results. The net perturbing 
torque on the vehicle due to centrifuge angular acceleration is the residual 
output of this counter momentum system. 

In theory the requirement for the spin balance and counter momentum 
systems would exist only for the orbital version of the centrifuge. Hard 
supports on the ground based version would assume the unbalance loads with 
no centrifuge vibration excepting those due to structural deformation under 
dynamic unbalance loads. However, because of rather large static unbalance 
inherent in the centrifuge design it is likely that vibration will be large enough 
to require spin balance in the ground based version. The countermomentum 
system will not be required since the spin torque maximum is only 240 lb ft. 
and is easily reacted out with negligible effect on centrifuge spin axis motion. 

Herein we are concerned with the orbital version where both the spin 
balance and countermomentum systems are required. The two systems to- 
gether are referred to as the counterbalancing system. 


Counterbalancing System Requirements - Spin Balance . - The data 
required to evaluate the amount of unbalance force and torque consists of 
weight distribution and maximum centrifuge rotational speed, as tabulated 
in Table 10 for each experiment. This tabulation lists the experiments with 
the distances that the counterweight was moved from a reference position 
to obtain a static balance. The reference position selected is the average 
of the balance position for the high- g experiments or 45 inches from the spin 
axis. These distances multiplied by the ratio of counter -to -total weight 
yield the static unbalance which would exist if the counterweight was not 
moved. These static unbalances are tabulated together with the total force 
they cause. 

Under the assumption that only static balancing was implemented, the 
moments of inertia, including the cross-products, are also tabulated. These 
figures allow calculating the indicated amount of dynamic unbalance torque 
existing should there be no attempt to dynamically balance the centrifuge in 
addition to the static balance. 

The amount of force resulting from static unbalance confirms the need 
for static balancing previously judged necessary from casual inspection of 
the centrifuge design. Much of the static unbalance force can be removed 
by manually setting the counterweight prior to the experiment. If this is 
done, automatic control requirements could be reduced to trimming the 
position to account for subject weight variation and couch motion during the 
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experiment. Subject weight variation is conservatively estimated to produce 
about 2. 2 inches of static unbalance based upon subject weight variation 
(including equipment) of 90 lbs. at a radius of 4 feet. In addition, the couch 
and subject movement during the experiment contribute a maximum of approx- 
imately 1 inch within two seconds. 


Counteracting this unbalance requires the counterweight to be moved a 
total of 10. 5 inches (equivalent to 3. 5 inches of static unbalance) referred to 
the rough manual position. The dynamic requirement sizing the counterweight 
motor is based on correcting 1 inch of static unbalance in 2 seconds with an 
acceleration capability of 5 inches/sec ^ maximum. The 2. 5 inches of un- 
balance due to subject weight variation should be accomplished during the 
longer time spin-up. It is not desirable to size the drive motor to any greater 
level than necessary so that, in case of a possible malfunction, sufficient time 
is available to disable the drive motor before unbalance forces become large. 

The permissable static unbalance force level after balancing is deter- 
mined by comparison of its effect on spin motion to the requirements for the 
three installations currently being considered. 


In the CSM/LM/SRC installation, the residual is determined by compar- 
ison of the centrifuge induced spin axis motion to the spin axis motion require- 
ment for the most sensitive experiments. The most severe requirement is 
specified for the angular acceleration experiment and is 0.03 degrees/sec^. 


In the EOSS and CAC configurations, the angular acceleration experiment 
requirement and those of the other experiments are expected to roughly coincide 
because the motion is of a magnitude which would be caused by inherent man 
motion in these configurations. 


The leverage or distance to the vehicle center of mass multiplied by the 
force residual produces the residual torque. This torque applied about the 
minimum moment of inertia axis normal to the centrifuge spin axis produces 
an angular acceleration level which was set equal to . 03 deg/ sec^ to determine 
the permissable force residual for each configuration. Table 11 gives the re- 
sulting applicable numerical values. 


As indicated by Table 11, the permissi ble force residual varies between 
3. 8 and 37.6 lbs depending upon the configuration. The most demanding instal- 
lation is the smaller CSM/ LM/ SRC . A hardware study was conducted to deter- 
mine how well an automatic spin balance system could reduce the residual. 

This study is covered in detail in Appendix C. The essential results of the 
study were that a force sensor configuration could be used but friction would 
limit the sensor actuation point to some value always below 10 lbs. This 
value is above that desired for the CSM/LM/SRC configuration but is accept- 
able for the large configurations. 
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Table 11- Permissable Force Residual 


Configuration 

Inertia 
Slug ft 

Leverage 

ft. 

Force Residual 
lbs. 

CSM / LM/ SRC 

0.169 x 10 6 (Pitch & Yaw) 

23.4 

3.8 

EOSS 

3. 0 x 10^ (Pitch & Yaw) 

41.7 

37. 6 

CAC 

0.385 x 10 6 (roll) 

12.6 

16-0 


The previous discussion of requirements has centered upon removal 
of static unbalance because (refer to Table 10) the torques due to dynamic 
unbalance are small enough such that there is no current requirement for 
dynamic unbalance correction. 

A note of caution is advisable at this point. It is recalled that during 
the initial phase of this centrifuge study, experiment procedures calling for 
rotation of the subject out of the spin plane existed. This subject motion did 
set a requirement for dynamic as well as static balancing. While current 
experiment design does not require dynamic balancing, changes or additional 
experiments using motion of the subject out of the spin plane would produce 
a requirement for dynamic as well as static balancing. 

To compensate for static imbalance ? movement of a single weight in a 
plane parallel to the spin plane is satisfactory. However, the counterweight 
required is physically large. In order to best integrate the mass motion into 
the centrifuge design it has been split into two weights of half size capable of 
motion in planes parallel to the spin plane and located on top and bottom of 
the centrifuge. To satisfy the requirement for static balance the two weights 
would be moved identically. It should be noted that if a later change in ex- 
periments causes large dynamic unbalance torques, differential motion of 
the upper and lower weights would enable removal of the unbalance torque. 

For reference, the control requirements developed in the preceding 
paragraphs are tabulated in Table 12. 
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Table 12- Spin Balancing System Requirements 


Counterweight 

660 lbs. 


+ 1/2 to -64 inches along couch axis. 

Travel 

-7 to 13. 2 inches transverse to 
couch axis. 

Force residual 

10 lbs. 

Maximum velocity 

1. 5 inch/ sec. 

Maximum acceleration 

15 inches/ sec^ 


Counterbalancing System Requirements - Countermomentum . - The 
countermomentum system requirements are based upon the spin momentum 
and torque of the centrifuge compared to the CMG autopilot system capabil- 
ity. The primary CMG control system is assumed to be that currently 
planned for the CAC configuration. Pertinent sizing information is listed 
in Table 13 . 


Table 13- CMG Autopilot Reference Data 
(Three, 2 gimbal, CMG 1 s) 


Characteristics/ CMG 


Size 

19 ft 3 

Weight 

400 lbs 

Power 

60 watts operating, 170 watts startup 

Type 

2 gimbal + 80 degree inner and 
+ 175 degree outer 

Capacity 

2000 ft-lb-sec 

Spin Speed 

8000 rpm 

Activation 

7 hrs. spin up 

Torque Range 

160 ft-lbs maximum, 160/ 5000 ft-lbs min. 

i 
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Of immediate interest is the maximum momentum capability of some- 
what under 6000 ft-lb-sec. and the maximum torque of 480 ft-lbs for the 3 
CMG's. These maxim urns are not always available. They depend upon the 
orientation of the 3 momentum wheels. Exceeding the remaining momentum 
capability causes the CSM A/P to fire to unload this momentum thereby 
causing accelerations in excess of most experiment requirements. Exceed- 
ing the torque capability has obvious results. 

The criteria selected for sizing the amount of countermomentum to be 
supplied with centrifuge spin up is based on the following: 

a. The momentum to be absorbed by the CMG's due to centrifuge 
operation shall not exceed 1000 lb-ft- sec. Allowing that the 
momentum state of the CMG's along the centrifuge spin axis 
can be between +_ 6000 ft-lb-sec. yields a better than 90% 
probability that the CMG's will not saturate while the centrifuge 
is being operated. 

b. The maximum centrifuge spin up down torque is 240 ft-lbs. 

The countermomentum system shall be capable of exerting a 
maximum countertorque of the same magnitude. 

The countermomentum system is sized by the requirement for absorp- 
tion of 8500 lb-ft- sec, at a maximum rate consistent with 240 ft-lbs torque. 

Proposed Countermomentum System Configuration . - Figure 29 illus- 
trates the proposed countermomentum system. Two single degree of free- 
dom control moment gyros (CMG) are initially spun up with the centrifuge 
at rest. The CMG momentum vectors are displaced 30 deg. from the centri- 
fuge spin momentum vector occurring when the centrifuge is in operation. 
Their net momentum is directed along the centrifuge spin axis and is equal 
to one-half the maximum required value of 8500 ft-lb-sec. This results in 
a spin momentum per gyro of 2450 ft-lb-sec. Assuming that the particular 
experiment requires maximum centrifuge speed, the CMG's are driven at 
the same rate in opposite directions, as shown in Fig. 29, to final positions 
again 30 deg. from the spin vector but with their momentum oppositely 
directed. The net change in momentum due to centrifuge plus countermomen- 
tum system would be the difference between the centrifuge and countermomen- 
tum system which is, for the sizing assumed, 1000 ft-lb-sec. plus dynamic 
errors associated with control of the CMG gimbals. The required output 
torque of the two CMG's, including worst case geometry, is 246 lb-ft/gyro 
and is based upon the torque output along the centrifuge axis being capable 
of counteracting the centrifuge spin- up torque maximum of 240 ft-lbs. The 
two CMG's are shown geared together to provide the opposite direction 
gimbal motion. However, the CMG units are physically large and it may be 
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desirable to separate the two units. If this is done, the required gimbal 
motion can be provided by separate torquers on each unit. One unit torque 
would receive the gimbal position command based upon centrifuge speed or 
motor torque while the other would be commanded to follow using individual 
gimbal position sensor outputs. Sizing information for the CMG units com- 
prising the countermomentum system is given in Table 14. 

Table 14- CMG Countermomentum System Sizing Data* 

(2 Single Degree of Freedom CMG' s, 60°) 


Total A H requirement 

8500 lb-ft-sec. 

Spin Momentum/ gyro 

2450 lb-ft-sec. 

Output torque/gyro 

246 lb-ft 

Spin motor power/ gyro 

56 watts 

Size (outside diameter)/ gyro 

32 inches 

Weight/ gyro 

200 lbs 

Total Weight 

400 lbs 

❖Sizing data estimated by GD/C based upon average of vendor inputs 


The control diagram for the CMG counter momentum system is shown 
by Figure 30. Sensing of angular momentum is derived from either centri- 
fuge spin rate or the time integral of a spin torque sensor. If angular rate 
is used, it is suggested that counterweight position (along the couch axis) be 
used to generate a measure of the centrifuge spin inertia. Figure 3 1 is a 
plot of spin axis inertia values against counterweight position along the couch 
axis. It is taken from Table 10. 

As indicated there is good correlation between spin inertia and counter- 
weight position. Inserting this information into a multiplier on angular rate 
should give an adequate measure of centrifuge momentum. 

As indicated in Figure 3 0, centrifuge momentum is compared with the 
change in momentum of the CMG's. The difference in momentum is the 
error signal used to establish a balance. Excluding dynamic errors, the 
balance implies no torque or momentum transmitted to the spacecraft. The 
stability of the closed loop is dependent upon details of CMG design. The 
ATM system design is understood to have a bandpass of approximately 40 
rad/sec. With this bandpass no unusual problems are anticipated in pro- 
viding outer loop bandpass, with adequate damping, to 1 cps or better. This 
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overall bandpass would be adequate to follow angular rate changes limited 
to .17 rad/ sec with little dynamic error. 



0 20 40 60 80 


COUNTERWEIGHT POSITION (INCHES) 


Figure 31. Counterweight Position Measure of Spin Inertia 

Countermomentum System Alternates. - There are some alternate 
counter momentum system configurations worthy of brief description. They 
were considered because they potentially improve momentum matching per- 
formance and reduce electrical power requirements considerably over that 
of the proposed system but exhibit about the same weight and size. They 
were rejected because they do not interface with the present design as well 
as that proposed. 

Figure 32 shows the concept in one such system. 
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Figure 32. Alternate Countermomentum Configuration 


Two single degree of freedom CMG 1 s are paired as shown previously 
in Figure 29. The same change in momentum procedure described for the 
proposed configuration is used to impart the primary spin torque. However, 
the twin CMG assembly must rotate at centrifuge speed eliminating the 
possibility of routine electrical interwiring from the spacecraft to the CMG. 

In addition the CMG 1 s must supply the bearing friction and centrifuge windage 
torques. These torques may be small but are continuous and somewhat diffi- 
cult to predict. The bulk of the CMG' s is also a problem in that their direct 
connection to the centrifuge poses a design interface problem. The advan- 
tages are the negligible reaction torque on the vehicle, and deletion of the 
spin motor. Electrical power is reduced to that required to maintain the 
CMG spin rate and torque operation. 

A similar system (not shown) hardmounts the CMG 1 s to the rotating 
centrifuge body. Operation is identical but larger CMG units are needed due 
to the increased momentum requirements derived from the increased rotating 
weight. Electrical power would, in this case, be taken from the supply inte- 
gral with the centrifuge rotating body. 


Proposed Spin Balance System Control Configuration 

As mentioned previously in the requirements discussion, static 
balancing is required. The control system comprises the use of force 
sensors to measure the existing unbalance, motors to drive the two counter- 
weights and threshold logic to activate the motors when the unbalance force 
exceeds 10 lbs. The force sensing study is described in detail in Appendix C. 





The resultant proposed sensor configuration uses six force sensors arranged 
in a plane. These sensors are interconnected, as shown in Figure 33, to 
provide force signals along the couch axis (Fg^) anc ^ lateral axis (Fg^) . The 
configuration inherently provides spin torque which would possibly be used 
by the countermomentum system in the manner previously discussed. 



' ' 

FORCE SIGNALS 

Figure 33. Proposed Centrifuge Unbalance Force Sensor Configuration 

Figure 34 illustrates the counterweight drive configuration. As indi- 
cated, two weights are used and driven by a single motor along the centri- 
fuge radial direction. Lateral motion is provided by a motor on each 
weight. 
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The control configuration which seems satistactory is illustrated in 
Figure 35. Both the couch axis and lateral force sensor signals are passed 
through deadzones corresponding to +10 lbs force. Upon exceeding this 
threshold the drive motor is energized to move at a fixed maximum rate of 
1.5 inches/sec. until the force signal drops below 10 lbs. The centrifuge 
operator is required to make an initial setting of counterweights by insert- 
ing a "run" signal to the couch axis drive motor prior to the centrifuge 
operation. 

A single motor is used to drive both the upper and lower counter- 
weights along the couch axis. Two separate motors are used to move the 
upper and lower counterweights in the lateral direction. The upper and 
lower weights move together. This is done electrically by causing one 
weight to track the other based upon the outputs of lateral position sensors. 
As illustrated in Figure 35 , the upper weight was arbitrarily used as the 
reference weight and the lower weight tracks through a linear control. 

The on-off nature of the control system, while usually easier to imple- 
ment compared to proportional control systems, can exhibit a hunting in- 
stability depending on deadzone size and motor start- stop characteristics. 
The worst case corresponds to maximum centrifuge speed with the counter- 
weight being moved toward the center of the deadzone at the maximum speed 
of 1.5 inches/sec. The time constant of 0.1 sec. on the counterweight drive 
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motor corresponds to a maximum acceleration-deceleration capability of 
15 inches/sec . With these characteristics the motor will enter the + 10 
lb deadzone, a distance of 0. 15 inches. The minimum total width of the 
deadzone corresponds to operation at maximum centrifuge speed and is 
0.254 inches. The drive motor should then be capable of stopping the 
counterweight within the deadzone with no hunting. 


OPERATOR CONTROLS 


FORCE READOUT INITIAL SETTING 



TO COUNTER- 
MOMENTUM 
SYSTEM 
INERTIA INPUT 


FORCE READOUT INITIAL SETTING 



Figure 35 - Spin Balance Control Block Diagram 
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The lower weight drive motor does not use a deadzone type control 
because the allowable deadzone may be too small to avoid hunting. Assume 
that the upper weight is at its correct lateral position. About 40 lbs of static 
unbalance force is caused per inch of difference between upper and lower 
weight lateral position. In order to prevent unnecessary hunting between 
the upper and lower weight control loops, the deadzone in lower weight control 
travel should be no more than about . 05 inches (equivalent to 2 lbs unbalance 
force). Comparing the .05 inches to the overtravel obtained previously of 
0. 15 inches indicates that a linear amplifier rather than deadzone logic is 
desired. 


Spacecraft Perturbing Torques 

After incorporation of the countermomentum and spin balance system, 
the centrifuge produces residual perturbing torques which cause spacecraft 
motion. The major centrifuge perturbing torque is caused by the residual 
10 lb static unbalance force with leverage gained by the location of the centri- 
fuge relative to the spacecraft center of mass. The previously given equations 
(13) and (14) evaluated the force and torque respectively. As would be shown 
by expansion of equation (14), the torque on each of the spacecraft axes is 
sinusoidal at spin frequency due to the rotation of the force vector with the 
centrifuge body. The maximum value of this sinusoidal torque and the space- 
craft axes about which it appears (using conventional CSM axes designation) 
is given in Table 15. The frequency range varies from 0. 75 rad/ sec to the 
centrifuge maximum rotation rate of 6.5 rad/sec. Below centrifuge spin 
rate of 0. 75 rad / sec the unbalance force level of 10 lbs cannot be generated 
by the expected maximum amount of centrifuge unbalance. 

Other than the perturbing torque induced by the centrifuge, the most 
significant disturbance will be that due to man motion. The amount of torque 
perturbation from this source was estimated and is also given in Table 15. 

The RSS total of the centrifuge and man-motion torques is considered to 
represent the major part of spacecraft torque disturbances causing signifi- 
cant spacecraft motion. Comparison of the spacecraft motion induced by 
both centrifuge unbalance and man-motion torques with experiment require- 
ments is the end item of the attitude control feasibility study. 

The man-motion torques were based upon examination of data supplied 
in Reference 5. From the data it was felt that a 4 lb force (sinusoidal maximum) 
at 1.5 to 6 rad/sec. was a reasonable estimate per crew member for normal 
motion aboard a spacecraft. A distribution of crew members for each of 
the centrifuge installations was assumed and the resultant torque was calcu- 
lated based upon root sum squaring the torques from each crew member. It 
is emphasized that the resultant total is an estimate only. 
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Table 15- Perturbing Torque Summary 



Perturbing Torques (lb-ft) 

Configuration 

Centrifuge 

Man Motion 

RSS Total 

CSM/LM/SRC 




Pitch & Yaw 

230 

140 

270 

Roll 

— 

45 

45 

EOSS 




Pitch & Yaw 

460 

330 

565 

Roll 

-- 

75 

75 

CAC 




Pitch 

200 

230 

305 

Yaw 

-- 

230 

230 

Roll 

200 

200 

280 


It is pertinent to make some comparisons. Spacecraft motion resulting 
from man-motion induced torques is currently identified to be the major limi- 
tation in fine -pointing (Reference 4). Comparison of the magnitudes of torques 
from the centrifuge and man motion given in Table 15 would then imply that 
the centrifuge torque is a significant source of perturbation torque. 

Further, the torque output capability of the ATM CMG on a per space- 
craft axis is estimated to be 1.5 times the maximum available from a single 
gyro or 240 ft-lbs. It is noted that this torque output is exceeded in all con- 
figurations. 


CMG Autopilot Control Capability 

Preliminary to conducting an analysis of the CMG autopilot capability 
to counter the effect of the perturbing torques on the spacecraft, information 
in regard to spacecraft flexural characteristics were studied to determine 
whether inclusion of flexure was required. 
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Effect of Spacecraft Flexibility. - Reference 6 indicated that the signi- 
ficant lower frequency modes for the Apollo vehicle were contributed by the 
CSM/LM docking tunnel interface. The spring constant at this joint was 
calculated from the given lowest value bending frequency. This spring 
constant was used to establish a model for the CSM/LM/ SRG installation 
comprising two rigid bodies, the CSM and the LM/ SRC modules, connected 
by a torsion spring. The resultant first bending and torsion frequencies 
calculated were 3. 5 and 3. 7 cps respectively. 

The EOSS and CAC configurations were assumed to be sufficiently 
similar to the SIVB workshop with cluster configuration such that flexural 
data supplied in Reference 7 would be applicable. The first bending and 
torsion frequencies noted were 2.0 and 2.3 cps respectively. 

Reference 8 also applies to the EOSS and CAC configurations and is 
an updating of information supplied in Reference 7. It was received by 
GDC at a time too late to be incorporated into the centrifuge study. Review 
of this data indicates that the present MDA- LiM/ ATM docking joint causes 
flexural frequencies of 0.373 cps (solar panels undeployed) to 0.495 cps 
(solar panels deployed). Numerous lower frequency solar panel flexure 
frequencies are also to be noted. The panels having relatively low mass 
are not expected to seriously affect the attitude results given in this study 
but the lower frequency bending at the MDA joint is. A considerable increase 
in motion, due to excitation at this frequency from the perturbing torque 
sources, relative to rigid body analysis would be expected. 

Figure 36 illustrates and defines a control system block diagram in- 
cluding flexure. As indicated, the many parameters associated with sensor, 
disturbance force and torque locations, together with spacecraft flexural 
characteristics, yield a complex situation. 

The initial intent was to increase the A/P transfer gains so that 
control could be secured in the range of 0.5 to 1.0 cps, but it was found 
that attainment of such a control band was quite dependent upon flexural 
model specifics and CMG torque authority for the magnitude of disturbance 
torques encountered. Eventually it was decided to set the A/P gains low 
enough so that these dependencies were removed. 

Figure 37 is a frequency response plot of spacecraft attitude accelera- 
tion, rate and displacement to torque disturbance. As indicated, the closed 
loop break or corner frequency of autopilot control was set at about 0.3 cps 
by using the gains indicated. The familiar effect of vehicle flexibility in 
causing rather sharp peaking is also shown for the various configurations. 

The frequency band of the centrifuge unbalance torque terminates at the 
maximum centrifuge spin rate of 1.08 cps. Major man-motion torques 
(not shown) are thought to lie in about the same band but do not terminate 


76 


VOL. I 




where 



e 

i 


m 

6 


K iD' k r" 


e i> V 



rigid body angular displacement 

perturbation of angular displacement due to flexure 

total angular deflection at sensor location 

moment of inertia of vehicle 

generalized mass of mode considered 

damping ratio of flexural mode 

natural freq. of flexural mode 

displacement and rate bias respectively 

time constant characteristic of CMG 

slope of mode shape curve at location of control 
torque and disturbance torque respectively 

slope of mode shape curve at attitude sensor location. 

force location relative to center of mass 

deflection of mode shape curve at disturbance force 
location 


Figure 36. CMG- Controlled Flexural Body Model 
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Figure 37. CMG-Control System Frequency Response - (Including Flexure). 












sharply at a frequency of 1 cps as does the centrifuge. Rather, the torque 
magnitude is thought to decrease with frequency thereafter in an unknown 
manner. 

The autopilot gains used to calculate the frequency response reflect 
the use of low values to avoid coupling at the bending frequency. As indi- 
cated by the flat portion of the acceleration frequency response at centri- 
fuge and man-motion torque disturbance frequencies, the response is the 
same as simply applying the torque to the rigid body with no autopilot control 
at these frequencies. This information permits easy calculation of the effect 
of these torques upon vehicle motion. 

It is highly significant to note the adverse effect of increasing centri- 
fuge operating frequency such that it encompasses the bending natural fre- 
quency. The reverse situation, the spacecraft bending frequency decreasing 
within the centrifuge band, would also yield identical results. 

Spacecraft Attitude Control Results (Rigid Body) . - Centrifuge exper- 
iment dynamic feasibility is determined by comparison of the experiment 
attitude requirements with the results of CMG and CSM RCS autopilot studies. 
Only the requirements for the low-g and low-ang-acc. types (see Table 6), 
are included because the high-g type requirements are not demanding in 
comparison. Log-log plots of angular acceleration versus angular rate have 
been developed for each configuration. 

Figure 38 applies to the CAC configuration. A locus of acceptable 
simultaneous maximum vehicle angular rate and acceleration is shown for 
the experiment classes indicated. The on-off operation of the CMS autopilot 
against the environment is indicated by plotting the constant "on 11 acceleration 
caused between rate limits bounded by the minimum impulse lower value and 
autopilot design actuation point upper value. Comparison with the require- 
ments indicates that the CSM autopilot is not adequate for the centrifuge exper- 
iment with the exception of the high-g type. 

The linear nature of the CMG autopilot replaces the short bursts of 
control torque with continuous counteracting torque of equal magnitude. 

The net result is essentially no attitude motion due to the environment. 

The perturbing torques in roll, pitch and yaw due to centrifuge unbalance 
and man- motion (see Table 15) yield the locus of maximum simultaneous 
angular rate and acceleration shown. The acceleration is directly the per- 
turbing torque divided by the spacecraft moment of inertia. The angular rate 
magnitude increases as the frequency of the perturbing torque is decreased. 
The value used a lower limit of 1.0 rad/sec. As the resultant unwanted 
extraneous motion is well below that required, the configuration is acceptable. 
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Figure 39 applies to the EOSS configuration. There is a difference in 
numerical results but the conclusion of acceptability of the CMG control and 
non-acceptability of the CSM autopilot is the same as that for the CAC config- 
uration. 

Figure 40 applies to the CSM/ LM/ SRC configuration. In this configura- 
tion, the same conclusion again applies in regard to CSM autopilot operation 
against the environment. However, CMC control only improves the attitude 
control to the extent that low-g experiment requirements are met. The low- 
ang-acc requirements are not met by about a factor of 3. To meet the re- 
quirements for these experiments, the CMG autopilot gains could be raised 
to yield about a 3 rad/sec closed loop bandpass. This increase in gain may 
be shown to be possible in later development study including body flexibility 
and non-linear effects of CMG torque output limitations. Such a study should 
include the centrifuge unbalance and man-motion torques as the dominant 
attitude error sources. 

An alternative solution would be to retain the expended S-IVB injection 
stage as part of the orbiting configuration rather than separating from it. 

In this case, the location of the centrifuge is closer to the system center of 
mass than in the EOSS or CAC configurations while exhibiting about the same 
amount of inertia. If this is done, the resultant configuration, from the atti- 
tude control performance viewpoint, becomes the best of the three considered. 


Dynamics Feasibility Summary 

Dynamic problems peculiar to the centrifuge orbital installation have 
been examined in the preceding material. It is found that the orbital instal- 
lation of the centrifuge is feasible for all three installation if the centrifuge 
operating frequency and vehicle structural bending frequencies are sufficiently 
separated. It is remarked that this analysis used a first mode bending fre- 
quency of 2 cps for the CAC and EOSS configurations, as indicated by Refer- 
ence 7« If actual bending frequencies are substantially lower than this value, 
as predicted by Reference 8, then structural modification to increase stiff- 
ness in areas such as the docking joints may be expected. In any event, 
quantitative analysis using actual bending data for the particular vehicle 
installation specified is recommended as a necessary part of any future 
centrifuge integration study. 

The larger installation (EOSS and CAC) are more suitable for centri- 
fuge installation because they provide a CMC autopilot and have greater mass. 
The CMG autopilot is necessary to meet the more demanding experiment 
requirements. The larger size minimizes cross coupling induced by centri- 
fuge momentum. 
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Figure 39. Attitude Control Study Results (EOSS) 
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Figure 40. Attitude Control Study Results (CSM/ LM/ SRC) 



The smaller configuration is the least attractive on an overall basis. 
Addition of a CMG autopilot is required. With the CMG autopilot at con- 
servative gain levels adopted for this study (0.3 rad/ sec closed loop band 
pass), the more sensitive experiment requirements are still not accom- 
modated. Increasing the autopilot band pass to about 3 rad/sec (stability 
permitting) is indicated. However, alternatively retaining rather than 
separating the S-IVB launch vehicle makes this installation better than the 
others. 

A countermomentum system is required to maintain the change in 
momentum caused by centrifuge spin up within the CMG autopilot satura- 
tion limits. A pair of single degree of freedom CMG' s added and controlled 
appropriately is considered the optimum way to implement the counter - 
mementum system. 

An automatic dynamic balancing system involving sensing centrifuge 
unbalance and appropriately moving counterweights to eliminate the un- 
balance is recommended. This system is incorporated in the basic centri- 
fuge design. 
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ORBITAL CENTRIFUGE DESIGN 


Structural Design and Analysis 

This section summarizes all significant data derived during the "in- 
depth" preliminary design of the centrifuge structural sub- system. Specific 
activities of the structural design and analysis effort throughout the three 
program phases were as follows. 

Phase I. - Phase I of the study was begun by preliminary definition of 
the ground rules, criteria, and constraints governing development of the 
structural sub- system. This activity included analysis of the preliminary 
experiment definitions to determine subject orientation, degr ee-of-freedom 
requirements, motion envelopes, and g-levels for all tests. In addition, 
initial estimates of maximum operating speeds, spin-up and de-spin rates, 
and rough mass properties were established. A table of approximate oper- 
ational loads, for each test, was derived from this data. 

During the same time interval a first attempt at generating candidate 
subsystem concepts was in progress. The primary emphasis was on pre- 
paring simplified structural schematics, compatible with the degree-of- 
freedom requirements which could be used to evolve realistic and efficient 
load paths. These led to identification of the primary sub-system elements. 
Subsequent conceptual studies directed at individual elements as well as at 
the integrated assembly produced a number of competitive candidates. These 
candidate concepts were refined and brief stress, deflection and weight studies 
were performed to provide firmer quantitative definition. 

This phase of effort concluded with a numerical trade-off analysis of 
each set of competitive candidates which resulted in definition of the elements 
of the baseline structural sub- system. 

Phase II. - Phase II activity was devoted almost exclusively to provid- 
ing detail definition of the baseline orbital configuration. This effort was 
supported by a thorough updating of the ground rules, criteria, and constraints 
to reflect the additional intelligence assembled in all areas of study as a 
result of the first phase of work. Particular emphasis was placed on trans- 
lating improved experiment definitions into more accurate geometrical con- 
straints and load criteria. Estimates of the stiffness properties required 
of the system to avoid structural resonance during all phases of operation 
were also established. 

Continuation of the refinement process resulted in some revision of the 
baseline concept as total system requirements were integrated. Extensive 
stress and deflection analysis paralleled this design evolution which concluded 
with the preparation of assembly drawings of the primary system elements. 
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Additional activity in this phase was focused on investigation of the inter- 
face feasibility of the optimized baseline assembly in both its orbital and ground 
test modes. 

Phase III , - Effort in the final phase of the study was centered in detail- 
ing of the primary structural elements by revision of the Phase II drawings, 
and report preparation. 


Ground Rules, Criteria, and Constraints 

Both the mandatory and derived ground rules, criteria and constraints 
applicable to the structural task are established in the following paragraphs. 

For the most part, these were finalized prior to or early in the Phase II effort. 

Contract Requirements. - Two specific ground rules applicable to the 
development of the structural subsystem are contained in the contract state- 
ment of work. The first of these requires a machine capable of producing and 
withstanding a normal acceleration of 9. 0 g - units. The second requires the 
capability to simulate a typical Apollo earth entry g- profile for re-entry sim- 
ulation tests. 

Experiments . - The baseline experiments, to which the centrifuge 
structure is configured, are those shown in Figure 41. These were established 
prior to the Phase I design review and have, in some instances, been revised 
since that time. In the case of the tilt-table experiment, an increase of mini- 
mum radius to approximately 3. 0 ft. was required to avoid severely compromis- 
ing the structural concept. This in no way limited the capability to perform the 
experiment. (The 2. 0 ft. minimum radius was a Phase I value which was esti- 
mated before determination of the baseline radius arm concept, and therefore 
subject to change. ) 

Geometrical Constraints . - Configuration and geometry of the structural 
assembly are governed by a number of requirements, for the most part related 
to test experiment motion envelopes. As definition of the baseline series of 
experiments evolved it became possible to establish the degrees of freedom 
required of the machine for each test. Furthermore, the sequence of positions 
occupied by the subject during each test forms a corresponding swept-volume 
envelope. These envelopes establish the clearance envelope for the subject 
and couch. However, since the couch design progressed simultaneously with 
the design of the other system elements and its dimensions were not known in 
advance, it was not possible to establish a fixed clearance envelope. Instead, 
nominal clearance dimensions between elements in relative motion were estab- 
lished, and design efforts were coordinated to assure conformance. A 1 2. 0 
in. radius sphere is maintained around the center of the subjects head. A 
minimum of 1. 0 in. is maintained elsewhere in all areas remote from the 
line -to -line motion interfaces. 
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AFTER: 
















In addition to test consideration, the configuration is controlled by two 
other factors. First, the inside diameter of the roll frame must be sufficient 
to permit safe and comfortable ingress to and egress from the couch by the 
test subject. The adopted sizing criteria requires the rigid body sit-up of a 
95th percentile man about his hip pivot, with the couch in the maximum extended 
position and a maximum interference of approximately 1.0 inch with the roll 
frame. The reasons for permitting some interference are two-fold: the 95th 
percentile man exceeds the maximum nominal subject size and a rigid- body 
sit-up doesn't allow for moderate back flexure of head ducking or tilting, any 
of which would more than make up for the interference. The foregoing is 
illustrated in Figure 42. 



R f = 20" 

R= 18.5" 
(SELECTED) 

R f = 15" 


R = 10" 


5* 


R { = 0" 


Figure 42. Test Subject Clearance Envelope 
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Secondly, sufficient height must be provided in the main rotational 
frame to permit the counterweight assemblies to traverse radially inward 
to the spin axis. 

Loads. - The centrifuge structure must be capable of withstanding a 
variety of loading conditions during its lifetime. These can be grouped into 
three environmental categories: ground handling and test; launch and boost 
to orbit; and orbital operation. Loads experienced in the fabrication, assem- 
bly and handling environment were expected to be less severe than the others 
although inadvertent damage is most likely at this time. It was anticipated 
that the ground and orbital operational environment would produce the largest 
radial load factors whereas, the launch/boost environment would produce 
the largest vertical load factors. Typical load factors for the launch and 
boost environment of a Saturn V vehicle payload are shown in Table 16. 


Table 16. Limit Load Factors -Saturn V Payload 


CONDITION 

n AXIAL 

n LATERAL 

S-1C Stage ECO 

-4. 86 

0. 10 

Max q 

-2. C7 

0. 30 

Lift Off 

-1. 60 

0.65 

Rebound 

1 , 70 

0. 10 

S-II Stage Engine Hard Over 

-2. 15 

0. 40 


A ground rule was established, however, that the structure would be designed 
primarily to withstand only its operational loading environment. In the event 
that the launch/ boost environment produced excessive loads at any point in 
the assembly, it was assumed that sufficient removable bracing would be 
provided to carry such loads. The rationale justifying this approach follows: 

a. Added material v/ould most likely be located eccentric to the spin 
axis, increasing the rotary inertia of the system. 

b. Any material added to the radius arm or elements translating 
with it would require a corresponding counterweight increase, 
causing, in effect, a double penalty to weight and rotary inertia. 

c. Stiffness requirements were expected to result in a structure 
stronger in many areas than strictly necessary for operational 
loads. 
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d. The configuration of the centrifuge is somewhat dependent on the 
configuration of its orbital container, which is not yet selected. 

The following section, then, will be confined to developing the operational 
loads for the experiments previously defined. The coordinate system adopted 
for defining operational loads is presented in Figure 43. As shown, load com- 
ponents are first established at the center of mass of the subject and couch, 
then transformed into a coordinate system centered at the pivot axis inter- 
section with the spin plane. 


PRIMARY 
SPIN j AXIS 



CENTER OF MASS 
MAN + COUCH 


Figure 43. Coordinate System for Loads 
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The following relationships are derived directly from Figure 43. 


F = 
0 = 


M v 


|^(X + P) 2 + N 2 J 1/2 

tan" 1 n 

X + P 

= F cos 0 - F sin 0 = Force parallel to P 
R T 

= F^ SIN 0 + F,^ cos 0 = Force parallel to 
= -Fp N + F^P = Moment about V axis 
= Fp V = Moment about N axis 
= -F V = Moment about P axis 


N 



(1) 


(2) 

axis 

(3) 

N Axis 

(4) 


(5) 


(6) 


(7) 


Three types of loading occur in centrifuge operation: spin- up, steady 
state, and de-spin. Expressions for the resulting load components are de- 
rived in the following sections. 


Spin up loads. - The maximum angular acceleration is associated with 
the Apollo re-entry simulation experiment. Figure 44 shows the radial 
acceleration vs. time profile for this experiment. The maximum value of 
a is obtained by graphically determining the maximum slope, 0M, of 
Figure 44 and using this value in the following derivation. 



(3.68 in) 


( 


240 ft. / sec. 
4. 215 in. 


) 


(1.39 in - .91 in.) 


. 80 sec 
1. 39 in. 


) 


= (3.68)(240)(1.39)ft. = 7 . 59 ft. /sec 

(. 48) (80) (4. 215)sec 3 
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Figure 44 - Total Load Factor Versus Time from Re-entry 
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For the re-entry test, the man and couch will be located at maximum radius. This 
distance is 76. 0 in. = 6. 33 ft. 


' then : 
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sec 


F t = -.0524 W (8) 

Ete-spin loads. - Assuming, in the worst case, that the subject requires 
immediate medical attention, then an emergency stop might be required. A tolerable 
structural criterion for emergency stop is a full stop, at a constant deceleration rate, 
from the highest speed experiment in 1. 0 sec. It is recognized that the selected stopping 
interval may be many times as long, however the 1. 0 sec. criterion can be met structurally 
and provides a reasonable margin of safety against overloading due to jamming of the 
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drive mechanism or other unlikely, though potential failures. An expression for the 
peak tangential load due to emergency stop is derived below: 

For a constant deceleration. 


ol - A(0 r ~ ^o 

At At 

co Q □ 65. 3 rev/min : 6. 84 rad/sec. 
w f = 0 
At = 1.0 

a * ~ = -6.84 rad/sec. 2 
X • u 


Ma T = 


w 

S c 


R a : -(W#) (R in. , (i 


F t =.0177WR (9) 

(where R is given in inches) 

From the foregoing, it can be seen that the de-spin case provides greater tangential 
loads than the spin-up case for all tests since R = 2. 25 ft. 

Stead/ state loads. - In the steady state mode of operation the angular velocity, 
co , is constant and the angular acceleration, a , is zero. Under these circumstances 
the tangential component of load vanishes and only a radial force field remains. A 
derivation of the general value of the radial componet of load is given: 


W 2 

F = M a = — - R or 

R R g c 


- WRcu 2 - WR w 2 
R ' (12X32.2) ' 387 


(where R is in inches) 


( 10 ) 
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Computation of loads . - Values of the majority of the parameters in equations 
(1) through (10) were derived directly from the definition of experiments. Values for 
the weight of the subject and couch and for the maximum linear offset of the subject/ 
couch C. G. from the couch centerline were required. These values were estimated 
at 400 lb. and 2. 0 in. respectively. Noting that equations (3) and (4) include components 
of both and F-p it is likely that the worst load condition will occur at the instant an 
emergency stop is initiated when F-p and Fr are both essentially at their full values. 

With this information a tabular solution for the resultant loads for each experiment 
was developed as shown below. 
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Columns 29 and 30 are used to indicate whether the subject is facing parallel or 
normal to the spin plane, respectively. 

The complete load computation is shown in Table 17. M a ximum values for each 
load component are enclosed in heavy borders. 


Stress Criteria 

Stress analysis of all sub-system elements utilized conventional factors of 
safety: 

Ultimate/ Limit = 1.5 
Yield/Limit = 1.0 

Material selections were made with due consideration of mechanical properties, 
fracture toughness, availability, fabricability, and cost. Allowables were taken from 
MIL-HNBK-5A, "Metallic materials and elements for aerospace vehicle structures. ” 

Dynamics criteria . - Due to the inherent dynamic nature of the total system, the 
need to provide adequate separation between the natural frequency of the structural 
assembly and the operating frequencies for all experiments was recognized. This is 
necessary to prevent resonant conditions. Although the system possesses distributed 
mass as well as a number of essentially concentrated mass points, it might be idealized 
as a lumped mass multi -degree -of -freedom system. The analysis of such a system 
can become quite complex, however, as it depends on both the number of degree of 
dynamic freedom and the accurate determination of all masses and stiffnesses. In 
order to conserve time, therefore, it was decided to adopt the further -simplified . 
model of a single -degree system consisting of a massless beam (radius arm) with a 
mass point at the nominal center-of-mass of the subject and couch. To compensate 
for the obvious oversimplification of this model, a conservative frequency separation 
ratio (^ a tural /^ope rating^ of 5.0 was adopted as a ground rule for all dynamic analysis. 

Figure 45 illustrates the idealization of the actual sub-system, in plan view, as 
a series of springs, subsequently collected into a single equivalent spring. Kg, 
supporting mass M. Figure 46 illustrates the corresponding deflections of the two 
equivalent representations of the system. The subscripts on stiffnesses and deflections 
are: (1) support structure; (2) main rotational frame; (3) radius arm; (4) pivot 
segments; (5) roll frame; (6) couch. Using Figures 45 and 46 an expression for deter- 
mining the system equivalent stiffness. Kg, can be derived. 

=S l +8 2 + +S 6 

Noting that, due to the series configuration, all springs are loaded by the same force, 

F, and assuming all springs to be linear: 
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Table 17. (Coat'd) 



Mass Meas. Max. R I 1.000 [ 412 




















































: F /»n or 8 n : F/Kn 

Substituting this relationship into the deflection equation and cancelling the common 
term, F, from both sides : 



For early analysis it was assumed that all spring constraints were equal : 

K 1 = K 2 =K 3 SK 4 =K 5 = K 6 = K 

This assumption permits a straight forward determination of the natural frequency of 
the system, which is given by: 



But, from the section on loads, W = 400 lbs. and, from our assumed frequency ratio, 
«<> n = (5.0) o> 0 p. The required stiffness, K, can be found by manipulation of the above 
equation: 



K - 311 n co 


(Where <i> is given in column (11) of Table 17. 


Note that the quantity (n) is carried through the derivation rather than substituting the 
total number of springs (six). The reason for this is that in the specific configuration 
of the centrifuge for certain tests some springs undergo no deflection. 


Based upon the preceding development. Table 18 was compiled as a means of 
determining the most severe stiffness requirements for each spring element. 


From Table 18 it was found that the grayout experiment determined K^, K2, K4, 
Kg, and K, whereas was set by the re-entry simulation experiment, since the^arm 
length, "x\ is much greater in this case than for grayout. 
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Table 18. Stiffness Requirements 


Spring 
Test l 

K 1 

K 2 

(**) 
K 3 1 

K 4 

*5 

(*) 

K, 

o 

2 

U) 

op 

n 

K = 

311 o> 2 n 
op 

Grayout 

X 

X 

36 

X 

X 

27 

32. 1 

6 

60, 000 

Ang. Accel. 

X 

X 

36 

X 

X 

27 

— 

6 


Therapeutic 

X 

X 

36 

X 

X 

27 

14.3 

6 


Tilt- Table I 

X 

X 

48 

X 

■ 

15.2 

8.05 

5 


" " II 

X 

X 

48 

X 

B 

15. 2 

10.73 

5 


Semi-Circ. IA 

X 

X 

27 

X 

1 

0 

7.1 

4 

8, 860 

IB 

X 

X 

27 

X 

X 

0 

7.1 

5 

11,040 

IIA 

X 

X 

76 

X 

-- 

0 

7.1 

4 

8,860 

IIB 

X 

X 

76 

X 

X 

0 

7.1 

5 

11, 040 

G- Sensitivity IA 

X 

X 

36 

X 

— 

27 

10.7 

5 

16, 650 

IB 

X 

X 

36 

X 

X 

27 

10.7 

6 

19, 980 

IIA 

X 

X 

36 

X 

-- 

27 

10.7 

5 

16,650 

IIB 

X 

X 

36 

X 

X 

27 

10.7 

6 

19, 980 

OG I 1 1 /Radial 

X 

X 

50 

X 

— 

27 

7.7 

5 

11,980 

11 / 45° 

X 

X 

50 

X 

-- 

27 

7.7 

5 

11, 980 

i /Radial 

X 

X 

50 

X 

X 

27 

7.7 

6 

14,350 

1/45° 

X 

X 

50 

X 

X 

27 

7,7 

6 

14,350 

Counter roll 0° 

X 

X 

50 

X 

X 

27 

7.7 

6 

14,350 

45° 

X 

X 

50 

X 

X 

27 

7.7 

6 

14,350 

Reentry 

X 

X 

76 

X 

■ 

0 

46.6 

4 

58, 000 

Mass Meas, - Mid R 

X 

X 

50 

X 


0 

7.7 

4 

9, 580 

Mass' Meas.- Max, R. 

X 

X 

76 

X 

n 

0 

5.1 

4 

6,350 

” x " ( or a number in the column) indicates that the spring segment is active during a particular experi- 
ment* 

^Quantity given in column is distance in inches along couch from pivot axis to nominal center - 

of-mass of subject and couch. 

» **Quantity given in the K column is the arm length in inches 
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Interface Constraints 


A factor which strongly influences the detail design of individual structural 
elements is the nature of this mechanism at each interface. In the mechanism trade- 
off studies concluding the Phase I effort, baseline mechanisms were selected for all 
motion interfaces. The structural sub-system is constrained to incorporate the 
selected mechanism concepts, which are presented in Table 19. 


Table 19. Baseline Motion Mechanisms 



MOTION 

MECHANISM 

• 

Couch translation 

• Teflon slides or ball bushings, manual 

positiong. 

• 

Couch roll 

• Aluminum oxide balls with segmented race 

and powered roller drive. 

• 

Couch Pivot 

• Teflon journals with powered miter gear 

drive. 

• 

Radius variation 

• Ball-bushings or teflon slides, powered 

ball screw actuated. 

• 

Primary rotation 

• Axial drum with two bearing planes, main 

drive concept not yet selected. 


Trade-off criteria, ~ The trade-off studies concluding the Phase I effort were 
performed in accordance with the weighting factors shown in Table 20. 

Table 20. Baseline Structure Trade-off Factors and Point Scale 


Safety 30 


Fail-safe 

10 


Physical Smoothness 

5 


Dynamic Smoothness 

5 


Accessibility of Subject 

10 

f 

Reliability 


15 

Complexity 

10 


Maintenance 

5 


Physical Characteristics 


45 

Weight 

20 


Strength/Stiffhess 

10 


Compatibility with Mechanisms/Systems 

15 


Cost 


10 

Time/$ for Material/ Fabrication 

10 


Maximum Total 


100 
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Explanation of the individual categories is given below: 

a. Fail-safe: In a structural context this factor includes the effects of 
continuous vs. discrete attachments, redundant load paths, etc. 

b. Physical smoothness: This factor evaluates the relative hazard created by 
sharp corners and edges, protruding flanges, and confining structural features. 

c. Dynamic smoothness: Qualitative evaluation of the tendency toward cross - 

coupled motions and random excitations is provided by this factor. 

d. Accessibility of subject: This factor rates both the ease of access to the 
subject by a rescue crew and the ease of self release by the subject. 

e. Complexity: The number of components in the assembly and the number of 
attachments is appraised by this factor. 

f . Maintenance : This factor rates the need for periodic inspections and the 
special care requirements of close tolerance surfaces subject to wear or 
damage during handling and operation. 

g. Weight and strength/stiffness : Together these two factors measure the 
conformance with the basic structural criteria while considering the trend 
toward stiffness-critical rather than strength-critical design. 

h. Compatibility with mechanisms/systems : Access to elements of other 
sub-systems and the implied addition of weight or complexity to elements 
of any sub-system are evaluated by this factor. 

i. Cost: This factor appraises material costs, implied lead time on materials 
or assemblies, and both cost and time requirements of manufacturing 
operations. 


Description of the Structure 

As mentioned earlier, the initial design effort was directed toward evolution of 
candidate concepts for comparison in subsequent tradeoff studies and eventual selection 
of a baseline structural sub-system. The following sections trace this activity to 
illustrate the process by which the present baseline configuration evolved. The 
composite assembly is discussed first since it was necessary to establish an acceptable 
integrated configuration concept within which the individual elements could be defined 
and later detailed. Each of the primary structural elements are then discussed 
individually. In these sections the detail design drawings are also explained in depth 
to point out specific features of the elements. 
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Configuration Evolution. - The present baseline structural sub-assembly 
configuration evolved primarily from consideration of the experiment definitions, 
the geometrical constraints, and the obvious need to establish an efficient load path 
from the subject/ couch area to the fixed support structure in order to minimize 
structural weight. 

The first configuration to be developed was a space -truss assembly which was 
presented in the Convair contract proposal and is shown in Figure 47. After the study 



Figure 47. Proposal Baseline Vehicle Configuration 
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was in progress it became apparent that this original system failed to satisfy certain 
then-defined experiment criteria and also provided a roundabout load path in the couch 
support area. Tilt capability normal to the plane of spin had been provided whereas 
in -plane tilt was not required. Also, due to the presence of the continuous axle, it 
was not possible to position the subject with his head on the axis of spin. It was con- 
ceivable, though, that with extensive modification it might have been possible to 
rotate the entire assembly (between the hubs) through an angle of 90° to provide the 
in-plane tilt, and to bridge the couch capsule envelope to permit its inward translation 
to the spin axis. Upon scrutiny of the basic structural model, however, other questions 
arose which resulted in a study to optimize the structural load path from the subject/ 
couch center of mass to the drive hub support structure. 

Load Path Optimization. - Each of the required degrees -of-freedom of the 
subject was analyzed in order to generate potential methods of accomplishment. 
Integrating these into structural schematics provided a means of identifying the most 
direct load paths . The analysis began at the couch and proceeded inward, finally to the 
the interface with the support structure. 

Couch Roll . - The requirement to roll the subject and couch continuously about 
a longitudinal axis is established by the angular acceleration test. Also, pre-test 
positioning requires 90° rotation in this axis as some experiments are conducted 
with the subject facing parallel to the spin plane and others facing normal. 

To provide the required freedom, two basic structural concepts were identified: 
The axial shaft and the circumferential ring. Figure 48 presents the two candidate 
alternates of each case. 


SHAFT 


Jjj= 9 

77-7? r/pT 

RS-1 END SUPPORTS 


RING 

RR-1 SINGLE 





RS-2 CANTILEVER 


RR-2 DOUBLE 


Figure 48. Couch Roll Concepts 
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Couch pivot . - Pivot of the subject/ couch about an axis normal to the longitudinal 
axis is required by the tilt table experiment and the pre-test positioning requirements 
of various other experiments. It was further determined that the pivot elements should 
be incorporated "downstream" (mechanically) from the roll provisions and couch since 
the centerline of the roll system must always coincide with the couch longitudinal axis 
to achieve all the positioning requirements. This established the requirement that the 
pivot system should interface with the roll system rather than with the couch. 

Combined roll/pivot concepts utilizing the preceding roll alternates are shown 
in Figure 49. The pivot frames of concepts P-1 and P-2 were rectangular planar 



P-1: RS-1 + FRAME 






RP-1: Continuous 
Inner and Outer Frames 


RP-2: ARL Segment 
Pivots with Continuous 
Roil Frame 

SECTIONS A-A 


RP-3: Continuous 
Pivot Frame 
With ARC Segment 
Roll Elements 


Figure 49. Combined Roll/Pivot Concepts 
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structures. For concepts P-3 and P-4 three alternate arrangements are presented in 
Sections A- A. The first, RP-1, consists of a complete pivot ring (s) concentric with 
a complete roll ring(s); the second RP-2, consists of a complete roll ring(s) contained 
by a pair(s) of arc-segment pivot elements; and the third. RP-3, is comprised of arc- 
segment roll elements contained within a continuous pivot ring(s). 

The following qualitative comparisons can be drawn between the various concepts: 

a. P-1 requires a full -perimeter frame whereas P-2 requires only a half- 
perimeter frame, implying considerable weight penalty in P-1, 

b. P-4 requires a three-dimensional space frame to connect the two ring 
planes whereas no interconnect structure is required for the planar 
P-3 concept, implying a weight penalty in P-4. 

c. P-4 interconnect framing is probably lighter and stiffer than the P-2 frame 
but the rings are heavier than the shaft implying more or less equal 
weight configurations. 

d. RP-1 provides maximum structural redundancy but also suggests a weight 
penalty due to parallel load paths, and increased structural depth to pro- 
vide torsional capability in both elements. 

e. RP-2 permits a smaller diameter ring than RP-3 with the same general 
mechanical interface implying a minor weight penalty for RP-3. 

f. RP-3 must be driven from die couch side of the interface implying the need 
for a separate power source (batteries) on the couch whereas both RP-1 and 
RP-2 can be driven from the pivot side of the roll/pivot interface, permitting 
use of the same power source used for pivot, radius variation and other 
functions. 

g. In RP-1, if the rings are of approximately equal stiffness an indeterminate 
elastic foundation situation exists in which load transfer is accomplished 
by relatively inefficient differential bending. Also, if either ring is 
significantly stiffer than the other, the majority of load stays in it and the 
parallel material in the adjacent ring becomes relatively useless. 

Couch translation relative to pivot axis. - The complete spectrum of experi- 
ments sets the requirement to pivot the subject about various body points. For 
example, the "sensitivity to linear acceleration" and "oculographic illusion" experi- 
ments specifically require pivot through the head whereas torsional loads about the 
pivot axis during the "re-entry simulation" experiment become extremely high 
unless the pivot axis is essentially coincident with the subject/ couch center of mass. 

The "tilt table" experiment requires yet another pivot location, likely between these 
two. 
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It is necessary, then, that longitudinal translation of the couch relative to the 
pivot be provided. Considering again the combined roll/pivot configurations of Figure 
49, it became apparent that the axial shaft concepts, P-1 and P-2, would be severely 
compromised to provide this motion. Since it highly desirable that the subject/couch 
center of mass lie approximately on the roll centerline, the couch cannot slide on an 
axle fixed to the frame without providing a long couch overhang(s) plus full -travel 
frame clearance to avoid skewing the subject . Therefore, an axle fixed to the 
couch would be required. But this still implies extension of the frame "jaw" length 
for concept P-1 by an amount equal to the maximum length of travel. It also implies 
a similar extension of the shaft length for both concepts P-1 and P-2. Not only do 
frame and shaft weights increase due to these geometrical considerations but many 
operating loads increase as well, implying still further weight penalty to provide the 
necessary strength and stiffness. 

Variable Radius.- The extremes of the variable radius requirement are established 
by the semi-circular canal stimulation experiment, which requires the subjects head on 
the axis of spin, and the re-entry simulation experiment, in which it is highly desirable 
to place the subject at maximum radius to avoid unnecessarily high angular velocities. 

Essentially two concepts are available for providing variable radius capability, 
the fixed arm and the translating arm. Figure 50 shows two alternates of each concept. 

Concepts VF-1 anf VF-2 consist of a structural radius arm, rigidly fixed in 
relation to the spin axis. The couch/roll/pivot assembly translates along the arm as 
a unit, in essence providing a variable radius from spin axis to pivot axis. On the 
other hand, in concepts VT-1 and VT-2 the position of the pivot axis is fixed in relation 
to the arm, which, in turn translates relative to the spin axis. 

Appraisal of the four alternates fails to establish a clear winner but does bring 
to light some faults not readily apparent from the simplified sketches of Figure 50. 

a. VF-1 and VT-1 are both excellent in providing access to the test subject 
whereas VT-2 offers some impairment (which can be minimized by selected 
couch positioning) and VF-2 greatly restricts access, particularly when the 
subject is in at the spin axis. 

b. VT-1 and VT-2 provide minimum complexity at the arm /pivot interface 
whereas VF-1 and VF-2 concentrate three mechanisms in a small 
geometrical envelope implying a sophisticated, highly complex interface 
situation at a discrete point(s) in the load path. 

c. VF-1 and VT-1 appear preferable, at first glance, in terms of weight. 

This is an illusion, however, since the centrifugal forces at the subject/ 
couch center of mass are eccentric to the arm neutral axis by approximately 
30 inches which results in a constant arm bending moment on the order of 
110, 000 inch-lbs for the re-entry simulation experiment! Furthermore, 

a torsional/bending vibration coupling can result from disturbances in the 
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TRANSLATING ARM 


PIVOT AXIS 


i 



PIVOT AXIS 

i 


Sn 

■ 

SPIN 

! 

AXIS 

t 

□ 



i_j 

s 

|hh n 

ill 


VT-1: SINGLE BEAM 


PIVOT AXIS SPIN AXIS 



PIVOT AXIS 


SPIN AXIS 



■HH 



Bi 

I 




■Kj 





i 


E5 


7^V 

r n prpr 


VT-2: DOUBLE BEAM 


Figure 50. Variable Radius Concepts 


spin plane tangent to the path of rotation due the lack of symmetry about 
the spin plane, implying the need of a significant stiffness increase. On 
the other hand, VF-2 and VT-2 provide support symmetry to both minimize 
dynamic coupling and load eccentricity at the arm/pivot interface. 

d. VT-2 requires more movable counterweight (not necessarily more total 
counterweight) than VF-2 to compensate for its greater eccentric mass. 
However a continuous cavity must be maintained betweenthe beams of 
VF-2 to permit the full inward translation of the couch/roll/pivot assembly 
whereas in VT-2 the arms can be interconnected at the couch clearance 
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envelope plane innermost with respect to the pivot axis. This implies less span 
at shallow depth for the beams of VT-2 hence a somewhat lighter assembly. 

Primary rotation. - Three basic support concepts are available for primary 
rotation of the centrifuge: the cantilever hub, the twin hub, and the peripheral track. 

The cantilever hub concept has already been shown in conjunction with the candidate 
variable radius systems in the previous section. (Ref. Figure 50) The twin hub con- 
cept is most probably adaptable only to arm concepts VF-2 and VT-2, and the peripheral 
support concept is suitable only with arm concepts VF-1 and VF-2. These latter four 
assemblies are shown in Figure 51. 


TWIN HUB 


PERIPHERAL TRACK 




PV-1: TRANSLATING ARM 


PV-3: SINGLE BEAM 



PV-2: FIXED ARM 



Figure 51. Support Concepts for Primary Rotation 
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Several significant conclusions were drawn from comparison of the alternate 
concepts. 

a. Concepts PV-3 and PV-4 are the most sophisticated, consisting primarily 
of a beam(s) spanning the enclosure, with no center structure and its 
associated weight increment. High tolerance control on the peripheral 
track assembly is essential for several reasons. Roundness must be 
rigidly maintained to prevent oscillation of the spin axis. This require- 
ment further implies the need of high in -plane track stiffness to prevent 

a travelling load depression under the rollers, which, if permitted, would 
produce spin axis oscillation in spite of roundness control. This require- 
ment implies a weight penalty in the enclosing structure. Stringent track 
flatness control is also required to avoid a "washboard" vibratory 
sensation at high angular velocities. Damping devices might minimize 
this problem, however, at a small weight penalty. Access to the subject 
is excellent in PV-3, though quite restricted in PV-4. Load eccentricity 
is minimized in PV-4 whereas PV-3 has sizeable eccentric moments but 
these are introduced near a support in the most severe case. End slopes 
might be a factor in forcing greater stiffness in the PV-3 beam to prevent 
uplift of rollers from the track. PV-3 and PV-4 are the most highly 
"enclosure - dependent'* configurations. 

b. concepts PV-1 and PV- 2 offer complete symmetry of loading. This 

f ituation permits simple -support hub joints, a factor which should result 
in a weight saving in the support structure since essentially no moment 
would be transmitted at the interface. A further advantage in the twin-hub 
concepts lies in the ability to provide a center tension tie between the end 
bulkheads of its pressurized container tnereby further reducing container 
weight of a small penalty for thrust bearing provisions. These concepts 
must also be closely integrated with the enclosure. 

c. The cantilever hub concepts, VF-1 and -2, and VT-1 and -2, are similar 
to existing ground-based centrifuges in their use of a single pedestal for 
support. This reduces the hub and bearing weight relative to the twin-hub 
concepts. The primary centrifugal forces are no longer symmetrically 
reacted though this presents no problem so long as the counterbalance 
system is functioning properly and holding static unbalance forces to the 
levels specified in the Stability and Control section. 

Countexweight support. - The preceding paragraphs have been concerned with 
providing a load path from the subject/ couch to the support structure. Since the 
center of mass of the subject/ couch is inherently eccentric to the spin axis, the 
resulting centrifugal forces must be counterbalanced in order to prevent the appli- 
cation of large cyclic forces and moments to the support. In order to provide balance 
capability foi the full experiment regime, a variable capability must be provided for 
the counterweight. This implies the need of a structure to support and guide the 
counterweight. The configuration of this structure is not sensitive to the primary 
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rotational concept, but is intimately influenced by the couch/subject variable radius 
concept as shown schematically in Figure 52. 


SPIN AXIS SPIN AXIS I 



CF-1: FIXED ARM, SINGLE BEAM CT-1: TRANSLATING ARM, SINGLE BEAM 



CF-2: FIXED ARM DOUBLE BEAM CT-2: TRANSLATING ARM, DOUBLE BEAM 


Figure 52. Counterweight Support Concepts 
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A cursory appraisal of Figure 52 would seem to indicate a weight saving in the 
counterweight support structure for concepts CF-1 and CF-2. This is most likely 
true in comparing CF-1 with CT-1, where in CT-1 a structure is required which 
permits free arm translation yet places the counterweight mass center in the spin 
plane. Initial counterbalance studies, however, established the desirability of multiple 
movable counterweights in order to provide maximum capability to compensate for all 
types of force imbalance. Dividing the counterweight into top and bottom and/or a 
pair of side weights to satisfy balance criteria penalizes CF-1 by requiring additional 
structure but affects CT-1 much less significantly. 

Comparing CF-2 and CT-2, then, the fact that the counterweight must not 
violate the arm translation envelope of CT-2 is only a minimum handicap since the 
envelope merely sets the minimum span between weight pairs. The penalty to CF-2 
is greater, particularly if side weights are required. 

A further factor narrowing the difference between the fixed arm and the translating 
arm concepts is the fact that even should a single counterweight element be permissible, 
a conflict of interest for space near the spin axis could result in the semicircular canal 
stimulation experiment, when the subjects head is on the spin axis and the couch frame 
would undoubtedly extend several inches beyond. 

Integrated systems. - As the concepts of the preceding paragraphs were developed 
and evaluated, a series of integrated system concepts evolved. The main line of 
evolution is presented in Figures 53, 54, and 55 showing, respectively, the ground- 
based estimating model used in the additional task proposal (Report No. GDC-PIN-67- 
495), a Phase I orbital concept, and the final baseline centrifuge in its present con- 
figuration. As the figures illustrate, some early concept selections survived to the 
final configuration. 

In the light of preceding discussions roll/pivot concept P-3 was a natural 
selection (Ref. Figure 49). The earliest configuration used twin integrally stiffened 
cylindrical barrels (Concept RP-1, Figure 49 to accomplish the roll/pivot function. 

The need for greater torsional stiffness and the desirability of minimum enclosure 
of the subject resulted in the toroid-plus -ring configuration (still concept RP-1) in 
the Phase I concept. The baseline trade-off study resulted in selection of concept 
RP-2 by a wide margin over RP-1, however, the primary reason for this was the 
need for good torsional properties at reasonable weight. A number of element cross- 
section combinations were also evaluated in the trade-off. The favored configuration, 
shown schematically in Figure 56, was the "box/c-clamp". This concept provides 
both ample torsional area in the roll frame and good bending properties in the pivot 
segment in a minimum envelope depth. 

From the "variable radius" paragraph the basis for early adoption of the double 
beam concepts is clear, (single-beam concept VF-1 (Ref. Figure 50) was evaluated 
in the baseline trade-offs, however, but was not competitive, primarily due to low 
ratings in fail-safety and weight). The translating arm concept (VT-2) appears in 
all three assembly figures. In the baseline structure trade-offs it was a close second 
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Figure 53. Ground Based Estimating Model 






Figure 56. Box/ C- Clamp Roll/Pivot Cross-Section Concept 


to the fixed arm concept (VF-2) but was nevertheless retained and ultimately adopted 
due to the problem of interface complexity in VF-2. In the final configuration the 
double -beam support has been modified to a jaw assembly terminating a single large 
box beam. The primary reason for this is to minimize beam height, provide consistent 
strength and stiffness requirements, and to provide volume for the top and bottom corner 
weight elements eventually required. 


All assembly concepts utilized a cantilevered hub. This was done primarily to 
render the design relatively insensitive to the enclosure configuration in order to 
avoid identifying with a specific module or vehicle. Note, however, that the double- 
arm concepts are inherently compatible with the twin-hub concept requiring only 
minor structural modification. 


Changes in counterweight orientation requirements are evident in the three 
assemblies, the two early ones using a lateral pair whereas the final baseline uses 
a vertical pair with lateral as well as axial translation capability. The earlier counter 
weight support structures were open truss rectangular frames whereas the final con- 
figuration is a closed box. The box structure provides much greater stiffness in both 
the vertical and lateral directions. The flat outer surface also minimizes the probable 
tendency toward audible wind whistles in the open configurations, at a small penalty 
in aerodynamic drag. To minimize the amount of inert counterweight, the drive 
system components for both arm and counterweight translation are positioned at the 
extreme outer end of this counter weight support structure. 


Couch 

Structural assembly and details of the couch are shown in Figures 57, 58, 59 and 
60. (Convair Drawings SRC-SD-507, -508, -509 and -510). 

The primary structural elements are a pair of channel side beams tied together 
by two built-up transverse frames, a head restraint assembly, a pelvic saddle 
assembly, and a leg support assembly. 

The couch is both guided in manual pre-test translation and supported structurally 
by the side rails. The integral guide/support concept was favored in the trade-off 
study, due primarily to weight, dynamic smoothness, and fail safety. 
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The transverse frame assemblies are hung between the side rails and transfer 
all loads to them. These loads consist mainly of subject and equipment inertia. The 
subject is supported by contoured, padded shell segments in four areas: head trunk, 
pelvis and legs. 

Head support is provided by a helmet mounted on a tube -frame which is in turn 
supported by beams cantilevered from the upper-body transverse frame. This arrange 
ment, though lengthy in terms of load path, permits all head motions required by the 
experiments. A shell segment on the upper-body transverse frame supports the subject 
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Figure 57. Couch Structural Arrangement 
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from the waist to the top of the shoulders. 

The lower-body transverse frame provides support for both the pelvic saddle 
and the leg support frame. It consists of a complete transverse torque tube which 
furnishes the primary reaction to all loads along the longitudinal axis of the subject, 
and to lower body loads both normal and transverse to the longitudinal axis. 

The pelvic saddle is supported directly by the torque tube whereas the leg 
support frames attach to both the couch side rails and a flange on the saddle. 

The couch assembly provides two adjustment features to accomodate variations 
in subject size. The hip pivot axis, located at the points of leg frame attachment to 
the side rails can be varied a maximum of three inches : The foot sole plate in the 
leg support frame can be set at various points within a six inch travel. These features 
provide the capability to accommodate subjects in the percentile range of 25 to 75. 

Further manual adjustment provisions to satisfy subject positioning requirements 
for the experiments are also included. Axial translation over a maximum travel range 
of 27 inches with specific stopping points and positive locks is provided. Rotation 
about the hip pivot to inclinations of 25°, 53°, and 81° is also permitted. 

Support for the couch is> provided by two cantilever beams integral with the 
roll frame (discussed in the next section). The support geometry and load reaction 
system is shown in Figure 61, 



Figure 61. Couch Reaction System 
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Of the experiments performed with the subject facing normal to the spin plane 
"grayout" and "oculogravic illusion” produce the highest couch loads. The resulting 
values are shown in Table 2.1 (Note that in this case F x and Fy represent Fp and F n , 
respectively, from Table 17. 

Table 21. Maximum Couch Reactions - Subject Facing Normal 


TEST 

LOADS (LBS. )* 


R i 
xl 

R x2 

R x3 

R A 

x4 

R i 

yi 

R . 
V2 

R y3 

R , 
y4 

P 

O 

• 

334 

334 

188 

188 

88 

24 

24 

88 

O.G.I. 

166 

166 

-12 

-12 

106 

26 

26 

106 

* R means the sum of the R-term and the component of the R m term 
in the appropriate coordinate direction. 


With the subject facing tangent to the spin plane the re-entry simulation and 
oculogravic illusion experiments produce the highest couch loads. The resulting 
values are shown in Table 22. (Note that for re-entry Fx and Fy represent -F n and 
Fp, respectively, in Table 17, Whereas for oculogravic illusion F x and Fy represent 
Fp and F n respectively). 

Table 22, Maximum Couch Reactions - Subject Facing Parallel 


TEST 

LOADS (LBS. ) 


R xa 

R u 

xb 

R 

xc 

R ^ 

xd 

R 

za 

\ b 

R 

zc 

R 

zd 

R.E.S. 

-385 

-385 

-247 

247 

-475 

0 

1415 

940 

G.O. 

266 

266 

-116 

-116 

0 

-287 

141 

428 


For determining couch stiffness in the spin plane two planes of loading must 
be considered: couch rail plane in the spin plane and normal to the spin plane. In 
the former case, couch stiffness is required to be 60, 000 lb/in per Table 18. This 
stiffness is affected by two deformation modes : deflection of the total couch assembly 
as a beam and local deflection of the side rails remote from points of lateral support. 
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The cap area requirement for the side rails, considering the entire couch as a beam 
is quite small (. 05 in. indicating very high inherent stiffness in that deformation 
mode. Assuming, then that all flexibility occurs in the local deformation mode, a 
required moment of inertia of . 09 in. ^ was established for each side rail. Since the 
fi nal couch design and the prior assumed local deflection model are not identical, 
additional stiffening at the cantilevered couch rail ends is required but has not been 
evaluated since it is a relatively minor detail. 

Stiffness in the opposite plane was expected to be dependent on either the re-entry 
simulation experiment (K = 58, 000 lb. /in. and load 6.0 inches off reaction pattern 
center) or the acceleration sensitivity experiment (K : 16, 650 lb. /in. and load 21. 0 
inches off center). Moment of inertia requirements for the two cases were determined 
and the acceleration sensitivity case was found to govern (I = 2.57 in. 4 vs. . 21 in. 4). 

A 5. 0 inch section provides this stiffness and was therefore established as the baseline 
couch rail beam depth. Total weight of the couch primary structure and subject support 
provisions is approximately 49. 9 lbs. in aluminum alloy with fiberglass countoured 
shells . 


Roll Frame 

The structural assembly of the roll frame is shown in Figure 62 (Convair 
Drawing SRC-SD-514). 

The primary structural elements are a toroidal circular frame and a pair of 
cantilevered box beams for support of the couch. The toroid cross -section is 
essentially circular and is composed of three elements: two identical arc segments 
and a crown. Each element is fabricated as a complete annulus prior to butt-welding 
together to form the toroidal ring. The circular cross-section was selected primarily 
to provide maximum physical smoothness in the structure nearest the head of the 
subject. (Ref Figure42) This results in an efficient structural section but implies 
added cost in the forming of the doubly-curved arc segment annuli. A square cross- 
section, though cheaper to build, would provide some hazard to the subject during 
ingress and egress. 

It is expected that the arc segments might be spin, bulge, or explosive formed 
from sheet stock whereas the crown would be machined from a forged ring billet. The 
crown ring provides the interface with the pivot segments, the canted sides and the 
center raised stub acting as roller tracks. A driven ring gear of the roll drive 
mechanism is inserted between the twin center roller tracks. All three track surfaces 
are turned and ground after all welding of the toroid assembly to assure precision 
control of interface geometry. Stiffening webs are incorporated at 5° intervals around 
the track ring perimeter to reinforce the flared tracks for the high local roller loads 
they experience. Protective cover strips would be bounded to the outer surface of the 
track ring (except on the roller contact surface) to eliminate the hazard of finger 
damage during roll mode operation in checkout, test, or experimentation. 
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The couch support cantilevers are attached to the toroid by bent-up plate frames 
welded to it. The beams are identical closed boxes of rectangular cross section, 
formed from bent-up and butt welded plate material. Machined load distribution 
fittings are incorporated into the beams to receive couch loads and distribute them to 
the boxes. 

Though not shown in Figure 62., it is now proposed that periodically spaced 
internal stiffeners be incorporated in the toroid cross-sectional plane to prevent 
the tendency toward ellipticity which a toroidal structure exhibits under combined 
bending and torsional loading. 

In determining the stiffness of the roll frame, it was first recognized that it 
acts a spring only for those experiments in which the subject faces normal to the 
spin plane. (For the parallel - facing orientation the couch support beams react 
into the toroid at the pivot axis, midway between the ends of the pivot segments. The 
load is essentially transferred directly to the pivot segments and then directly into 
the radius arm. ) Stiffness analysis of the roll frame and cantilevers was a complex 
problem because of the several simultaneous modes of deflection under the action of 
typical couch support loads. The structural model adopted for stiffness analysis is 
shown in Figure 63. In the model the frame is idealized as a pair of 180° arc with 
segments with analytically identical load systems. All loads are assumed to be 



Figure 63. Roll Frame Structural Model 

applied at the mid-point of the arch. End conditions were assumed to consists of 
slope fixity (due to the moment resistance provided by the pivot segments) and roll 
fixity (due to the self reaction of the loads which produce torque at the supports). 

The effect of pivot segment support several inches each side of the ends is conserva- 
tively neglected. General deflection expressions were obtained by considering the 
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response of the frame to each load separately (including bending of the cantilevers). 
Summing these resulted in the following equation yielding roll frame stiffness under 
the action of loads in the spin plane: 


4 "(4 [ -0845R 3 -0.73 R 2 . 147. 2R ] + ^ <341-25r) 

where 

(EI)^ and (EI) c are the flexural rigidities of the toroid and cantilevers, 
respectively and R and r the centroidal and cross-sectional radii of the roll 
frame. 

Using this equation, an optimization study was undertaken to minimize the weight of 
the frame, consistent with the stiffness criteria. In the course of this study it became 
apparent that the initial assumption of equal stiffness for all structural elements was 
unrealistic. Furthermore, a significant potential relief to the roll frame spring 
constant requirements was seen in altering the orientation of the subject for the gray- 
out experiment. Consultation with the life sciences group resulted in agreement that 
the subject could be oriented to facing tangent to the spin plane for this experiment. 

This alteration in no way compromises the experiment, yet does render the roll frame 
inactive as a spring and thereby reduces its required stiffness to that of the acceleration 
sensitivity test (19, 980 lb. /in. ). By taking advantage of increased radius arm and 
couch stiffnesses in conjunction with this test, a tentative optimum roll frame stiffness 
of 5, 500 lb/in. was derived. This value, though subject to total system stiffness 
optimizations recommended for the hardware design effort, was adopted, and the 
design of Figure 62 is nominally based upon it. Resulting roll frame total weight is 
approximately 43.5 lbs. in aluminum alloy. 


Pivot Segments 

Structural details of the pivot segment are presented in Figure 64 (Convair 
Drawing SRC-SD-405). 

Two nearly identical segments are required in the centrifuge assembly. The 
only feature distinguishing the two pieces is the roll drive system mounting provision 
required on only one segment. They are essentially one-piece, 60° arc segments, 
each permitting attachment of five sets of three rollers and incorporating a 10. 00 
in. diameter flange for attachment to the pivot drive mechanism. The roller sets 
are mounted at 15° intervals along the arc. The cross-section varies with location, 
as shown in Figure 64, though the top and bottom plates, which primarily resist bend 
ing stresses, are essentially constant. The only inner-surface interruptions are 
rectangular sockets in which the center rollers (and, at one location only, the roll 
drive pinion also) are mounted. On the outer surface access slots are provided on 


VOL. I 


129 






each side of the roller sockets to aid in installing and adjusting the rollers. Transverse 
stiffening webs, spanning the full segment width, are incorporated on each side of each 
roller mounting plane. These provide stabilization for the cap plates and help distribute 
both shear and bending stresses from the reactions at the outer rollers. The exterior 
corners of each segment are rounded, insofar as possible, to minimize the injury 
hazard. 

The pivot segments act as dynamic springs for all tests, but load application is 
more severe for experiments with the subject facing normal to the spin plane. For 
determing the stiffness under the action of loads in the spin plane the structural model 
of Figure 65 was used. Determination of the load intensity, for a given experiment. 


PIVOT AXIS 



Figure 65. Pivot Segment Structural Model - Lateral Direction 


was based on distributing any in-plane moment equally between the four pivot segment 
cantilevers (two active beams per segment). From the geometry of the pivot arc 
and the subject/couch center of mass relationship to the pivot axis, an expression for 
required pivot stiffness in the grayout experiment was derived: 


K 4 = EI/652 lb. /in. 

4 

This resulted in a moment of inertia requirement of 3. 91 in. in the lateral direction 
The area requirements to provide this capability are quite small, as illustrated by 
considering the two caps as a single plate 8.9 inches high: 

I = th 3 /12 = 3.91 


. (12) (3 91) 

(8.9)3 


0. 33 in. 
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Since bending in the other direction will require much greater cap thickness, it is 
seen that a benefit in lateral stiffness of the segments is inherent. This permits 
selective relaxation of the stiffness requirements of other elements of the structure. 

Bending stresses under the action of grayout experiment loads are below 10, 000 
psi at the nomina l moment of inertia , hence will be very low in the final design. 

For establishing the stiffness requirements in the ’ 'vertical’ ' direction the 
structural idealization of Figure 66 was used. 



Figure 66. Pivot Segment Structural Model - Vertical Direction 


The maximum load in this directionis produced by the re-entry simulation experiment 
and is assumed to be equally divided between the four pivot cantilevers and to be 
concentrated at the outermost roller planes. The approximate bending load is 
derived below (Ref. Figure 66). 

P = 3760 lbs. 


= — 1 1 = 

4 o 

L sin 30 J 


2P 


_P_ 

2 


- 1880 lbs. 


Assuming the use of a moderate strength aluminum alloy, a required section modulus, 
I/c, of . 853 in. ^ was established. The present design, selected from a variety of . 
cross-section candidates, provides more than twice this capability (I/c = 1.966 in. 
primarily because material thicknesses were initially estimated from preceding, less 
deep, configurations. It was decided not to optimize the sectional properties further, 
at this time, for two reasons. First, refined local stress analysis under the con- 
centrated loads remains to be accomplished in the hardware design phase, and may 
very well require local retention of the comparatively heavy sections now shown. 
Secondly, and most importantly, the benefit to in-plane stiffness, at a relatively small 
weight penalty, might also be preferable depending upon later total system stiffness 
optimization studies. 
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Segment weights in the existing configuration are 13. 0 lbs. each whereas in a 
refined configuration tailored strictly to the preceding section modulus requirements 
a weight of approximately 7. 0 lbs. per segment is reasonsable. 


Radius Arm 

Details and assembly of the radius arm structure are shown in Figure 67 
(Convair Drawing SRC-SD-402). 

The arm is essentially a 35. 6 in. by 40. 0 in. box beam with an integral forward 
"jaw" structure for support of the pivot/roll/couch elements, a pair of removable 
transverse bulkheads, and two internal beam assemblies for local loads and equipment 
support. 

The basic box is formed by four corrugation-stiffened semi -sandwich skin panel 
assemblies which join four integral beam -cap/guide- rail assemblies. Aluminum 
corner angles are used to connect intersecting box panels while radial translation 
capability, compatible with the ball -bushing concept selected in the mechanism trade- 
offs, is accomplished by hollow circular steel guide rails. The guide rails are 
rigidly attached to their respective comer angles by special T-head bolts inserted 
through slots in the rails. It is desirable to develop the guide rails as active elements 
of the beam cap, but this could not be accomplished through the primary fasteners 
because the slots preclude shear transfer across the interface. By inserting shear 
pins in maT.h reamed holes in an alternating bolt-pin -bolt . . . pattern, the desired 
continuity is achieved. 

The corrugation stiffening concept was selected in the baseline trade-off study. 

It is low in weight, high in stiffness, and simple to produce from a single set of dies. 
Trapezoidal corrugations were favored due to the fastening requirement with the 
face sheet. The means of attachment has not been selected although continuous roll- 
spot welding appears favorable, and adhesive bonding is also attractive. The most 
compelling factor in favor of the corrugation stiffening concept is its unique ability 
to provide a constant foundation under the ball -bushing reaction points independent of 
arm radial position. This feature was especially preferable at the time of the baseline 
concept selection when active arm translation during centrifuge rotation was an 
operational requirement. Since that time the experiments have been modified to delete 
this requirement. It was still desirable, nevertheless, to retain this attribute for a 
number of reasons : 

a. If deleted, it would be natural to provide local stiffening at those arm 
points falling under the support fittings, but this doesn't permit changes 
in specific experiment radii in the future without structural modification; 

b. Soft spots under the guide rails are incompatible with the rigid support 
required by the guide rails to prevent flexing and possible cracking of 
the high hardness, brittle surface treatment; 
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c. If “in-test" translation is later re-instated the structure is compatible 
without modification. 

The detail skin and corrugation design is based upon reacting, without buckling 
or yielding, the lateral forces which occur at the supports in an emergency stop from 
a 9. 0 g test with the arm at maximum radius. The 553 lb. load at approximately 
78. 0 in. radius results in a distributed load of 96 lb. /in. under each ball -bushing fitting. 
Selecting a 75° corrugation with an efficiency of . 65 or greater as initial criteria, a 
skin/corrugation combination was developed. Skin and corrugation gages of approximately 
. 012 and . 021, respectively, resulted (assuming aluminum alloy). Skin gage require- 
ments to preclude shear buckling were found to be on the order of . 005 in. , indicating 
excellent margin in the selected configuration. 

The same skin/ corrugation panel assembly optimized for the arm box was adopted, 
as well, for the end bulkheads and jaw assembly transverse webs. This was based 
primarily on reducing fabrication costs since use of a single set of dies for forming 
all corrugations minimizes die costs. Further saving would be possible by selecting 
a corrugation section for which dies already exist. Convair has a number of trape- 
zoidal corrugation dies but they have not yet been inventoried for possible use in this 
application. 

The jaw structure is a space framework spliced to the box skin panels and 
supporting the forward portion of the guide rails. It is composed of machined or 
built-up elements. Centrifugal loads are carried in bending on the transverse end 
beams and thence by direct tension and bending down the converging sides of the jaw 
where they are sheared directly into the guide rails. The vertical side panels carry 
the moment in the root of the jaw. The transverse beams are not loaded in a principal 
plane of bending but are constrained to deflect in a radial direction only by the roll/ 
pivot assembly which ties them together. Loads applied parallel to the transverse 
beams are essentially carried in shear by the skin panels on the outer jaw surfaces, 
which provide excellent lateral sway stiffening for the otherwise open rectangular 
frames. The transverse beams and inclined jaws are of zee cross-section with 2 in. 
flanges and 9 in, maximum depth. 

The jaw geometry is the key to the configuration of this remaining chain of 
structure supporting it. It is configured to permit unrestricted rotation of the roll/ 
pivot assembly. The subject/couch motion envelope, however, sets the side panel 
root position and the width and height of the throat. The radius arm box dimensions 
derive directly from the jaw throat geometry while the main rotational frame and 
drive/counterweight frame are configured to the arm box envelope. 

The removable transverse bulkheads in the arm box are composed of corrugation 
stiffened sheets with continuous edge frame angles. The edge angles attach to similar 
angle frames integral with the arm box, permitting removal of the bulkheads for 
unconstrained access to equipment mounted within. 
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Near the center of the box is a cruciform beam assembly whose primary function 
is to support the pivot drive system on the box centerline. Its dimensions are established 
primarily by the size of the drive motor and gearbox which are mounted at the intersection 
of the beams by sliding in from the aft end and bolting in place. The aft flanges of both 
beams are discontinued near the intersection to permit the mechanism installation but 
the forward flanges are carried through to form the "X” and to provide continuity for 
support of the assembly before the mechanism is installed. Attachment at the four 
corners of the box is accomplished by machined fittings nesting in the cap angles. In 
addition to supporting the pivot drive system, the cruciform assembly is also utilized 
for mounting of miscellaneous equipment. 

At the aft end of the arm is an A-frame beam assembly whose primary function 
is to support the arm translation nut. This beam system also provides an auxiliary 
flange on the top skin panel, which forms a transverse beam on the aft top surface. 

This beam reacts the horizontal component of load applied to the ball nut whereas the 
A-frame reacts the moment. A torque box was also considered for the moment 
reaction function but, though comparable in weight, it was less efficient in terms of 
auxiliary equipment mounting capability. A machined fitting, occupying a cut-out in 
the top skin panel, is provided for support of the translation nut. The A-frame beam 
caps and the auxiliary transverse beam flange pick up this fitting as does the top 
transverse corner angle of the aft bulkhead attach frame. The opposite ends of the 
A-frame inclined beams are attached to the lower beam cap angles by machined fittings. 
This reaction system is designed to sustain the total centrifugal load resulting from 
9-06-g operation with the couch at maximum radius. This provides a safety back-up 
capability for failure of the translation system manual position locks. 

The stiffness of the radius arm box is inherently greater than that required by the 
equal element stiffness assumption. This is illustrated by using the arm structure model 
of Figure 68 below and developing an expression for stiffness in terms of cap area. 
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Figure 68. Arm Structure Model 
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For a cantilever beam 



For a 4 -cap box 

I - 4 A = (4 A) (20) 2 - 1600 A 

For a hollow steel guide rail (neglecting the additional area in the aluminum corner 
angle) 

A : 7r D t; E - 30 x 10^ 

then 

K - * . 10 )J 16Q 0) ( 1 M = (9, 53 x 10 5 ) (Dt) 

78 d 

Assuming a 1. 0 O, D. rail with a minimum permissible wall thickness of .12: 

6 " 1.0 - .12 = .88 

K = (9.53 x 10 5 ) (.88) (. 12) = 100, 700 lb/in. 

This approaches twice the required stiffness (58000 lb/in) without considering the 
additional stiffness provided by the corner angles! 

Aluminum was investigated as a candidate rail material but, although high suface 
hardness is achievable by hard anodizing or electroless nickel deposition, the depth of 
hardening is limited by surface cracking considerations and substrate crushing becomes 
a potential problem. 


Main Rotational Frame and Drive Counterweight Support Frame 

The structural assembly and pertinent details of both the main rotational frame 
and the drive/counterweight frame are shown in Figure 69 (Convair Drawing 
SRC-SD-403, Sheets 1 and 2). 

The main rotational frame is essentially a continuous rectangular rigid frame 
whose constant local cross-section is a closed single cell 10 in. by 30 in. rectangular 
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Figure 69b. Main Rotational Frame and Arm/ Counterweight Drive Frame Structural Assembly 
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Figure 69c. Main Rotational Frame and Arm/ Counterweight Drive Frame 
Structural Assembly. 
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Figure 69e. Main Rotational Frame and Arm/ Counterweight Drive 
Structural Assembly. 
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box. Its primary components are a pair of identical end channels, corrugation 
stiffened skin panel assemblies connecting the flanges of the end channels on both the 
inner and outer flat sides of the frame, four longitudinal corner assemblies, a transverse 
beam, and four ball bushing retainer fittings. The four beam cap/ guide rail assemblies 
from the drive/counterweight frame also tie the end channels together, extending the 
full width of the main frame cross-section. 

In the baseline trade-off studies, a channel -shaped local cross section was pro- 
vided for the main frame. Subsequent deflection analysis, however, indicated 
insufficient in-plane stiffness of the end channels and low torsional rigidity. The 
present configuration provides greatly improved torsional properties by simply 
closing the fourth side of the cross section. Furthermore, by orienting all skin 
stiffening elements in the direction of the frame perimeter, a much increased moment 
of inertia, due to the additional effective area, is achieved for resisting moments 
due to loads in the frontal plane of the frame. The structure has not been subsequently 
analyzed for its deflection characteristics, however, so quantitative stiffness data is 
not available. (This topic is discussed further in the "conclusions /recommendations" 
section of this report). As a result, the material gages illustrated for the end channels 
are arbitrary. They are felt to be very conservatively heavy, but have been retained 
due to the lack of specific stiffness data. For the present it is expected that they would 
be machined from aluminum alloy forgings or from welded plate assemblies. 

The skin panels are identical in gage and stiffener configuration to those used in 
the radius arm box. All outer skin panel assemblies are removable to provide access 
to equipment mounted within the frame. The corrugated sheet faces inward on all 
outer skin panels so that a smooth outer surface will be maintained. This orientation 
also eliminates the possibility of audible "organ pipe" effects in the hollow corrugations. 

The corner assemblies are built up from sheet metal components and act with the 
beam cap/ guide rail extensions to provide stiffening in the corners of the frame. 

Flanges are provided on the beam cap elements to permit continuous attachment of the 
corner assemblies between the end channels. Four z -section frames are used to pro- 
vide the equivalent skin-panel moment of inertia and to feed skin panel running loads 
around the corners. As in the outer skin panels, exterior surface smoothness is 
maintained in the corners by cylindrical -segment skins. Edge angles are also 
incorporated to provide attachment for the removable outer skin panels. 

The transverse beam supports the end bearing for the radius arm drive shaft. 

It is a dual -tapered fixed ended shear beam which extends through the full depth of 
the main frame cross-section to achieve moment resisting support. End moments 
are sheared into the inner and outer skin panels by longerons running the full width of 
the cross-section. 

The ball bushing retaining fittings are machined elements which are attached to 
both flange and web of the end channels and cantilever inward to pick up the radius arm 
guide rails. Each contains two 1 in. I. D. ball bushings. 
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Four types of primary loading are applied to the main rotational frame. The 
radius arm is supported by the ball bushing fittings, which shear concentrated 
reactions into the end channel webs. The drive/counterweight frame is supported by 
virtue of the continuation of both its skin panels and beam caps directly into the main 
frame assembly. Driving and stopping torques and load imbalances are transmitted 
to the cross -bridge sensor assembly interface by the end channels and a pair of beams 
spanning between them. Shear and moment transfer is accomplished by twelve discrete 
attachments. Preloads and some radius arm inertia forces are applied to the transverse 
beam. These are reacted by torsion in the plane of the local main frame cross -section. 

The drive/counterweight support frame is essentially a four cornered hollow box, 
providing a continuation of the main rotational frame inner surfaces, and closed at 
the outboard end by a transverse bulkhead. All side panels and the end bulkhead are 
corrugation stiffened, with the corrugated sheets on the inside to provide a smooth 
exterior and avoid wind whistles. The panels are of the same shape and gage as those 
used elsewhere in the structure. The stiffening concept was selected for the same 
reason as on the radius arm: The counterweights can assume any position along the 
full length of the structure and it is preferable to provide a continuous foundation 
under them. In addition to axial loading of the panels by the counterweights, a 
dynamic pressure due to relative wind velocity is also applied to them. The selected 
panel concept provides the capability to support the maximum pressure and axial loads 
simultaneously without buckling. 

The beam cap/guide rail assemblies are much more complex than those of the 
radius arm. The present concept resulted from the decision to translate the counter- 
weights inside the supporting structure on ball bushings. In order to eliminate 
eccentricities in loading the skin panels, since high panel weight results, the guide 
rail centerlines must lie along the line of intersection of the skin panel neutral surfaces. 
Furthermore, an envelope must be maintained over a 300° arc around the guide rail 
to provide clearance for the ball bushings. This situation forces kinks into the beam 
cap corner angle member. These kinks experience bending loads ranging from zero 
at the skin panel neutral axis plane to a maximum at the peak of the kink. To carry 
these loads, closely spaced stiffening fins were required. Although this concept 
results in complicated machining requirements, it produces a much lighter member 
than a simple thickening of the basic cross-sectional thickness of the member. A 
light weight cover skin is installed over the fins to provide smoothness and elminate 
wind noise. The guide rails are the same as those used on the radius arm, as is the 
bolt-pin-bolt attachment concept. 

The outboard closing bulkhead is formed by two removable skin panel assemblies 
and a drive system support beam assembly. The beam consists of two mirror -image, 
machined side panels which incorporate integral flanges and stiffening provisions for 
attachment of the drive system components . Fixed outer cover skins are provided at 
each end and a removable cover panel along the length of the beam provides closure and 
and additional stiffness but permits ready access to all drive system components. 

The beam assembly not only provides sufficient rigidity to assure accurate installation 
and and adjustment of the mechanisms, but is further designed to carry the same 9.0 g, 
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78 in. radius centrifugal load as the radius arm translation nut support system. The 
beam is purposely provided with simple supports at each end to prevent local twist 
and skin buckling in the supporting structure. This is accomplished by using transverse 
bolts in the neutral plane of the corresponding skin panels. Machined beam attachment 
fittings are provided to transmit the beam end reactions into the skin panels. Transverse 
auxiliary panel stiffeners are provided to form a beam cap for transmitting the fitting 
shear load laterally to the beam cap/guide rail assemblies. The corner angles of the 
aft bulkhead attach frame act as the other flanges of these beams. 


Conclusions and Recommendations 

The first, and foremost, conclusion to be drawn from the structural summary is 
that it is definitely feasible to analyze design, and fabricate a structural system which 
is compatible with all the requirements of a space research centrifuge. The baseline 
design has been shown to be compatible with the full spectrum of candidate experiments. 
Although in two experiments (tilt table and grayout) revisions to the original geometric 
parameters were required, these in no way compromised the experiments. Also it has 
been shown that the structural sub-system is compatible with the specific contractual 
requirements of 9. 0 g and Apollo re-entry profile simulation, and in fact, provides 
capability greatly in excess of that required for the latter (can withstand 1. 0 second 
stop from 65.3 RIM). Furthermore the total structural sub-system provides sufficient 
stiffness to preclude structural resonance in any operating mode. This conclusion is 
justified by the design of the system to an extremely conservative frequency separation 
ratio as a safety factor against simplification of the system model. Finally, a sub- 
system has been conceived which is fully compatible with the baseline mechanism 
concepts at all interfaces. 

The most important recommendation which results from the study effort is in the 
field of structural dynamics. In the course of the study it became apparent that the 
key to final weight optimization of the structural sub-system was the determination of 
optimum stiffness distribution throughout. This can best be achieved by establishing 
a lumped-mass multi -degree -of-fredom model, which closely approximates the 
actual physical system, and performing weight sensitivity studies by variation of the 
weight/stiffness parameters. This assumes the accuracy of inputs, in particular 
the element stiffnesses, implying the need for detailed and realistic deflection analyses. 
Computer programs capable of performing the dynamic analysis are in use at Convair. 
The task then becomes one of deflection analysis, preparation of a structural weight 
optimization program which can use the dynamic programs as subroutines, and time 
for programming, output evaluation, and iteration. It is strongly recommended that 
this effort be undertaken in support of any further structural sub-system design on 
the space research centrifuge. 
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Systems and Mechanisms Analysis Summary 


Phase I - Initial efforts in the mechanisms and systems portion of the 
feasibility study were directed toward translating the defined experiment 
objectives into terms of basic motion requirements. The experiments, upon 
which this initial analysis was made, are defined in detail in Volume IV of 
this report, and are only identified in this section in terms of their affect 
on the baseline definition of the centrifuge motion requirements. 

The follow-on activities during Phase I of the study were oriented 
toward the integration of the mechanism requirements of the centrifuge with 
a structural system which would meet the man-motion envelope requirements 
and still provide the necessary structural stiffness to insure system stabil- 
ity. 


A final evaluation of the possible mechanical systems, which would 
meet the experiment requirements, was conducted at the close of Phase I. 
This evaluation was conducted on the basis of a numerical trade-off analysis 
which provided a means of correlating the elements affecting hardware devel- 
opment and establishing the feasibility of the baseline approach. 

It was concluded at the end of Phase I that there were no major state 
of the art development areas which would compromise the development of 
a space research centrifuge. 

Phase II - During the Phase II study period the primary effort was 
to establish a more detailed definition of the configuration and sub-syt em 
requirements for an orbital centrifuge system. Based on the optimum 
approaches, established during the Phase I trade-off studies, a baseline 
configuration was developed. 

It became evident during this phase of the study that some development 
or technology improvements would be required in the areas of dry running 
bearings and gear systems and variable speed drive motors. Some develop- 
ment work in these areas is already being pursued by the industry; however, 
performance to the centrifuge standards will have to be demonstrated. 

A more definitive structural configuration was developed in this phase 
of the study and the integration of all the required mechanical systems was 
evaluated to determine the feasibility factors of fabrication, installation, 
and baseline operation. 
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Phase III - Based on the orbital centrifuge configuration defined 
during phase II, a sub- system level of specification requirements was es- 
tablished during the Phase III study effort. These specifications establish 
a preliminary design for the ground-based engineering prototype of the 
space research centrifuge. 

The level of definition established during Phase III is based on the 
presently proposed experimental program development plan (ref. SRC- 
MS-112), and is representative of a baseline configuration only. Final 
definition of the detailed sub- system requirements will necessarily be 
established during the detailed design phase of the program and will be 
subjugated to the experiment requirements as defined at that time. 

The intent of the Phase III engineering definition, coupled with the 
test requirements documents, is to provide a realistic bid package from 
which definitive cost estimates can be established. 

The conclusions which can be drawn from the preceding studies, with 
respect to the mechanical systems involved, are as follows: 

1. There are no major state of the art development areas indicated 
at this time, based on presently defined experiment requirements. 

2. The lead times for highly specialized equipments, i. e. , dry 
bearings and variable speed drive motors, will probably dictate 
the final schedule for the space research centrifuge. 

3. Early definition of the final experimental program is imperative 
in order to avert unnecessary and costly complication of the 
motion mechanisms. 

Phase I - Analysis 

Initial Experiment Definition. - In the contract statement of work a 
series of suggested experiments was defined as the baseline for establish- 
ing the extent of flexibility required for an orbital space research centrifuge. 
These baseline experiments were reviewed and further defined by the GD/C 
Life Sciences Department to establish the initial baseline experimental re- 
quirements shown in Table 23. 
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Table 23. Baseline (Phase I) Experiments 


Experiment 


Gray out 


Therapeutic 


Subject 

Orientation 

n g M Level 
Requirement 

Location 
Of "g" Force 

Motions 

Requirec 

1 

^ g 

F eet 

Primary 

m 



Rotation 

4 g 

Feet 

Primary 

Rotation 


Angular 

Acceleration 



N.A. 


Z-Axis 

Rotation 


Tilt Table 



'J V 


Semicircular 
Canal Stimulation 




i g 


Heart 


1 g 


Ears 


. 002 g Ears 

to . 1 g 


Oculogravic 

Illusion 


Eye Counter 
Rolling 


Re -Entry 
Simulation 

Mass 

Determination 



Ears 


Ears 


C. G. 
C. G. 


Primary 
Rotation + 
Pivotal Tilt 
Equivalent to 
70% Earth 
Tilt. 

Variable 
Radius in- 
Plane-Roll^ 
90° 


Primary 
Rotation + 
Pivotal Tilt in 
15° Increments 
thru - 90° 


Primary 
Rotation + 
Pivotal Tilt in 
15° Increments 
thru - 45° 


Primary 
Rotation + 
Pivotal Tilt 
in 15° 

Incremental s 
thru - 45° 

Primary 

Rotation 

Primary 
Rotation + 
Radius 
Variation 
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Space Capsule Evaluation. - During the initial study phase several 
orbital configurations were established as tradeoff candidates. It became 
apparent at this time that the envelope size which will be available during 
the proposed experiment time period would be restrictive. This is especially 
true if the experiment mission is confined to a single launch. 

Evaluation of the tradeoff configurations established a basic envelope 
volume which appeared to be compatible with all of the proposed candidates. 
Figure70 illustrates the baseline centrifuge envelope established during this 
phase of the study. 

Centrifuge Motions . - Analysis of the baseline experiment requirements, 
along with the physical constraints imposed by present day boosters, was at 
this point in the study integrated into an evaluation of the centrifuge motion 
requirements. Figure 71 presents the initial centrifuge configuration developed 
during this phase of the study and identifies the baseline motion considerations. 


DRIVE HUB 


FRAME STRUCTURE 


RADIUS ARM 



PIVOT & ROLL 
FRAME 


BASIC MOTIONS 


-COUCH FRAME 


A - PRIMARY ROTATION 
B - RADIUS ARM TRANSLATION 
C - RADIUS ARM PIVOT 
D - COUCH TRANSLATION 
E - COUCH ROLL 
F - LEG POSITIONER 
G - HIP ADJUSTMENT 


Figure 71. Initial Centrifuge Concept 
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Primary rotation: From Figure 70 it can be -seen that the diametral 

constraint within the proposed centrifuge module is approximately 18 feet. 
Since the spin axis of the centrifuge will necessarily have to fall at the center 
of this diameter, it was determined that the maximum clearance radius for 
a rotating body within the space module would be 9 feet. Additionally, it 
was determined during the initial anthropometric evaluation and preliminary 
structural analysis that the structure required to support a man load of 9 g 
would require a minimum spherical envelope about the subject's center of 
mass of 4 ft. in diameter. From these initial geometrical considerations 
the maximum baseline centrifuge radius was fixed at 76 inches. 

108 in. - 24 in. - 8 in. (safety margin) = 76 inches. 

Once the maximum centrifuge radius was established, it was possible 
to determine the maximum rotational rate required of the centrifuge. 


rpm = "g" level 

* 2. 84 x 10 ^ x radius 


Max "g" = 9 (from contract work statement) 
Radius =76 inches 


rpm = / 2_S =64.3 

V 2.84 x 10~ 5 X 76 

0) = 64.3 x 6.28 = 6.72 rad/ sec 

60 

Also defined in the contract work statement was a requirement that 
the centrifuge be capable of duplicating the Apollo re-entry g environment. 

By evaluating the re-entry profile, which was graphically presented in the 
work statement, it was determined that the maximum rate of acceleration 
required to duplicate the Apollo re-entry g environment would be . 171 rad/sec . 
With this data, and the preliminary mass properties estimates, it was estab- 
lished that the primary rotational drive would require between 4 and 5 h.p. 

From Table 23 it can be seen that the minimum rotational rates, required 
for experiments in linear acceleration sensitivity, are extremely small. It 
was therefore established early in Phase I that centrifuge primary drive 
system should have the following characteristics. 
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1 


. 5 h.p. rating 

2. Variable speed control range between 0 and 70 rpm. 

2 

3. Maximum acceleration capability of . 171 rad/sec . 

4. Explosion proof (sealed unit). 

5. A braking system capable of decelerating the centrifuge 
from the maximum speed to a full stop within 30 sec. 


Variable radius arm: One of the unique features of the proposed 

centrifuge is the required capability, per the contract work statement, to 
place the test subject’s ears at a point coincident with the spin axis. This 
requirement is related to the semicircular canal stimulation experiments 
which also established the requirement of being able to vary the test subject's 
radius while the centrifuge is rotating. This, in turn, established the re- 
quirement for a powered, remotely- controlled translation drive system. 

Analysis of the geometry required to provide this degree of adjustment, 
coupled with the physical volume occupied by a suitable structure, dictated 
that the variable radius feature would have to be accomplished in two stages. 

It was further determined that in all of the other experiment configurations 
it would be possible to preset the radius prior to rotating the centrifuge. 

Taking this approach would permit the use of manually operated locking 
devices, for the preset conditions, which could be designed to provide an 
alternate load path during the high g experiments, and thereby reduce the 
structural requirements of the drive system. 

The centrifuge couch system must be adaptable to varying man sizes 
and center of gravity locations. It was determined that by creating a secondary 
reference axis at the couch end of the radius arm, a geometry could be developed 
which would provide the necessary man/c. g. adjustment and also accommodate 
the requirement of being able to place the subject's head on the centrifuge 



Figure 72. Variable Radius Arm and Couch Translations 
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With the geometry shown in Figure 72, a cursory structural analysis 
was made to establish the feasibility of this approach. At the conclusion of 
this portion of the study effort the following baseline parameters were estab- 
lished with respect to the variable radius capability of the centrifuge. 

1. Using the pivot axis as a reference the radius arm stroke 
could be variable between 27 inches and 76 inches. 

2. The radius arm should be restrained by a manual locking device 
during all experiments where a single radius can be maintained 
during the experiment. This is particularly significant during 
the high-g level of experimentation. 

3. The couch system should provide the adjustment capability to 
enable placement of either the test subject's head, or his body 
c.g. coincident with the pivot axis. This will also allow place- 
ment of the subject's head on the primary spin axis. 

4. The radius arm translation drive system should be designed to 
react only the loads, plus a suitable safety factor, which are 
imposed during experiments involving arm translation con- 
current with centrifuge rotation. 

Couch pivot: The contract- defined experiments establish a broad 

range of test subject body orientations with respect to centrifuge axes in 
addition to the variable radius capability. Figure 73 provides a graphic illus- 
tration of the*pitch and roll motions required to meet the experiment objec- 
tive s . 


Since the pivotal motion capability is required concurrently with centri- 
fuge rotation, it becomes necessary to provide a remotely operable system. 
Also during the initial study phase it became evident that the physical space 
around the test subject's head would be at a premium. The experiment in- 
strumentation which would have to be attached in this area, and the installa- 
tion of a drive unit in close proximity to these measuring devices could cause 
interferences. Also, the need of unimpaired access to the test subject's head 
area for first aid assistance was of considerable concern. 

As in the case of the radius arm, it was found that the concurrent 
operation (pivot and primary rotation) requirement was only applicable to 
the experiments involving rotational rates of 1 g or less. It would therefore 
be possible to provide a suitable system of manual locks to react the greater 
loads imposed during high g level experimentation. Also, because of the 
high torque loads which can be generated during an emergency stop, (ref. 
Structural Analysis Section), it would be desirable to provide symmetrical 
load paths into the radius arm. This could be accomplished by providing 
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restraints at both ends of the pivot axis. For the low g experiments, how- 
ever, it was concluded that the generated torque loads would have to be 
reacted through the drive system components. Also, since the inertial 
loads about the pivot axis are small, due to the low accelerations required, 
it was determined that the torque loads generated during centrifuge spin- 
down and stop probably will be the governing design factor. 



Couch Pitch and Roll Motions 


Figure 73 
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From these considerations the following baseline parameters were 
assigned to the couch pivot system during the Phase I study period. 

1. The pivot system should enable + 100° rotation about the pivot 
axis in the plane of spin. 

2. The system should provide a symmetrical load path to the 
radius arm structure. 

3. A system of manual locks should be provided to transmit directly 
the torque loads during high g tests into the radius arm structure 
and by-pass the pivot drive system. 

4. The pivot drive system should be interlocked with the radius arm 
translation system to prevent over extension of the test subject's 
couch. 

5. The high speed elements of the pivot drive system should be 
located as remotely as possible from the test subject's head area. 

Couch roll: One of the proposed experiments to be conducted on the 

space research centrifuge will evaluate man's threshold levels of sensitivity 
to angular acceleration. This experimentation requires that the test subject 
be rotated about his long body axis (Z-axis), with precise variations in rpm 
being controlled through a computer. The roll motion capability is not 
required during centrifuge rotation. It was therefore reasoned that this 
degree of freedom could be designed to support only the inertia loads of the 
man and couch rotating about the Z-axis. During all other modes of opera- 
tion the roll capability could be mechanically locked to provide a direct load 
path to primary structure. The locking system would, however, have to 
provide for pre-set, fixed orientations of 0°, 45° and 90°. 


The roll drive will have to respond to a series of random commands 
from the computer control to accelerate or decelerate as a function of the 
test subject's response. 

The baseline approach to the roll mechanism was influenced consider- 
ably by the couch support structural development tradeoffs. (Ref. Structural 
Design Analysis) With the toroidal ring, which surrounds the couch assembly, 
being driven by a drive unit mounted on the pivot segment, the inherent 
mechanical advantages can readily be seen. Based on these considerations, 
the Phase I definition of the roll drive system was as follows. 
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1. The system, should provide for continuous rotation of the test 
subject 1 s couch about its long body, Z-axis at variable speeds 
from 0 to 20 rpm. 

2. The test subject's couch should be provided with a rotational 
adjustment capability to enable fixed angular orientations about 
the Z-axis. 

3. The roll drive system should be designed to react only the oper- 
ating loads imposed during Z-axis rotation. A suitable locking 
system should be provided to rigidly fix the roll frame to the 
pivot segments and provide a direct load path to the prime struc- 
ture during the rotational experiments. 

Couch mechanisms: In addition to the motion capabilities discussed 

thus far, there are the position adjustments and body articulation motions 
which must be considered in the couch design. Evaluation of the defined 
experimentation establishes two basic types of motions which must be pro- 
vided in the couch system. 

1. Body Adjustments. - The physical body size of potential test 
subjects can vary widely. It was therefore established during Phase I that, 
for the purpose of this study, the orbital centrifuge would be able to accom- 
modate a range of test subject between the 25th and 75th percentile. This 
established a need for 3.2 inches of adjustment in the over-all couch length. 
Since a majority of the experiment instrumentation is related to the subject's 
head area, it was concluded that the test subject 1 s head should be fixed with 
respect to the couch frame. The variations in body sizes could be compen- 
sated for by adjusting the lower couch section about the hip hinge point. 
Installation of the various instrumentation packages could then be standard- 
ized to accommodate all test subjects. 

Table 2 4 

Test Subject Sizes 


Percentile 

Weight 

Height 

Body C.G 

25% 

148.7 lbs. 

67. 5 in. 

37.3 in. 

35% 

154.2 lbs. 

68. 2 in. 

37.7 in. 

45% 

159. 4 lbs. 

68. 9 in. 

38.1 in. 

55% 

164. 5 lbs. 

69. 4 in. 

38. 4 in. 

65% 

170.4 lbs. 

70. 1 in. 

38.8 in. 

75% 

176.6 lbs. 

70.7 in. 

39. 1 in. 
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Initial experiment evaluation indicated that knee articulation would 
be required as one of the couch motion capabilities. Further analysis, how- 
ever, established that by articulating the leg about the hip hinge point all of 
the experiment objectives could be met. 

The test subjects shall have free movement of their hands and arms 
except that provision should be made to insure hand and arm containment 
during high g experimentation. 

Provision would also have to be made for an adjustment at the 
foot restraint system. This adjustment shall be in excess of the body size 
requirement since for some of the experiments it is desirable to take the 
body loads through the couch saddle rather than the feet. 

2. Experiment Motions. - The second type of couch motion can be 
defined as those motions which are experiment oriented. Head motions must 
necessarily be integrated with a restraint system which will permit either 
pitch or yaw movement with respect to the long body axis. The restraint 
locking system should rigidly hold any pre-set position in either pitch or 
yaw and still allow free movement in the unlocked plane. With respect to 
the presently defined experiments, all couch motions can be man powered. 

It is necessary, however, to provide an accurate means of monitoring and 
recording the head motions during an experiment* 


Numerical Tradeoff Studies. - At the conclusion of the Phase I effort 
a series of numerical tradeoff analyses was conducted to develop a realistic 
design approach to the various hardware elements of the space research 
centrifuge. These tradeoffs were also concerned with identifying potential 
problem areas with respect to hardware development. 

Ground rules: During the initial definition effort the following ground 

rules were developed to insure continuity during the tradeoff studies. These 
guidelines were established on the basis of both the contract requirements and 
the considerations established during the initial study phase. 

1. All mechanical systems shall be compatible with a 15 psia pure 
oxygen atmosphere. 

2. All materials which are exposed to the atmosphere within the 
centrifuge module shall be non- flamable . 

3. All elements of the various mechanical systems shall be compatible 
with an 0-g environment (i.e., no loose pieces, friction devices, 
etc. ). 
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4. All mechanical systems shall be capable of operation in a 0-g, 1-psia 
atmosphere without injecting contamination of any sort into the atmos- 
phere. 

5. All adjustment devices which require manipulation under 0-g conditions 
shall be designed for one hand operation without the use of tools. 

6. All mechanisms shall be driven by electro -mechanical means to eliminate 
the possibility of fluid contamination. 

7. All degrees of freedom which are not required during a particular ex- 
periment shall be provided with a mechanical lock to prevent inadvertent 
operation. 

8. All locking devices shall be designed to react the maximum loads which 
can be transmitted through its elements , and shall provide an alternate 
load path around the operating mechanisms . 

9. All systems shall be powered by rechargeable 28 VDC batteries. There 
shall be no slip-rings or other arcing devices used. 

10. All mechanical tradeoff evaluations shall be based on the numerical 
ratings shown in Table 25, 


Table 25 

Mechanism Trade-off Factors 
Item Max. Value 


Safety (SA) 30 

Failsafe 
Fire Resistance 
Contamination 

Accessability ' 

Reliability (RE) 30 

Complexity 
Strength 

Dynamic Smoothness (DS) 15 

Weight (W) 10 

Maintenance & Checkout (MC) 10 

Availability & Cost (AC) 5 

Max. Total 100 
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Mechanisms considered: The initial effort during the trade-off evaluation 
was to establish a number of mechanical approaches which could feasibly support 
the basic motion requirements. Of the mechanisms considered, those illustrated 
in Figure 74 seemed to be the best candidates. 


Figure 74. Trade-off Summaries 
Mechanisms Considered 


Support Systems 


Transmission Systems 


• Track & 
Rollers 


• Ball 
Bushings 



• Ball 
Screws 


• Rack & 
Pinion 




• Teflon 
Slides 


• Air 

Bearings 



• Roller 
Drives 


• Harmonic 
Drives 
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Trade-off summaries: Tables 26 through 29 present the numerical summa- 
tions for each of the trade-off studies. 

Table 26 

Trade-off Summary Primary Rotational System 


Item 


Factors (Ref. Table 25) 

Remarks 


SA 

RE 

DS 

W 

M/C 

A/C 

Total 



1. Support Systems 









1 

A . Radial Track & 

27 

20 

15 

8 

6 

5 

81 

1 . 

Too Many Parts 

Roller Syst. 








2. 

Poor Reliability 

B . Slewing Ring- 

27 

25 

15 

6 

10 

2 

85 

1. 

Special Development 

Single Large 
Dim. Bearing 








2. 

Heavy 

C. Axial -2 Bearing 

28 

27 

13 

10 

10 

3 

ax 

1. 

Dry Running 

System* 








2. 

Lightest Weight 









3 . 

Special Development 

2. Transmission 










Systems 










A . Gear Driven 

25 

28 

11 

7 

8 

5 

84 

1. 

Precision (No Backlash) 

B. Harmonic Drive* 

25 

28 

12 

9 

8 

3 

85 

1. 

Compact -Light Weight 

C. Roller & Traction 

20 

28 

15 

8 

10 

3 

84 

1. 

Questionable for Main 

Drives 









Drive Torques . 

3. Motors 










A. Brushless D.C. 

25 

25 

15 

9 

10 

2 

86 

1. 

Not Developed for 5 H.P 

B. Frequency Control 

25 

28 

15 

7 

8 

5 

88 

2. 

Hardware Exists - 

A.C. Motors* 









Needs Wt, Optimizing. 


♦Approaches Selected for Baseline Configuration 
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Table 27 


Trade-off Summary Translation Systems 



*• 

i 

Factors (Ref. 

Table 25) 

Remarks 


SA 

RE 

DS 

W 

M/C 

A/C 

Total 


1. Radius Arm & 

Counter-Weight Sup- 
port Systems 









A . Track & Rollers 

25 

20 

14 

7 

7 

5 

78 

1. Tolerance & Adjustment 
Problems. 

B. Ball Bushings* 

28 

28 

15 

8 

10 

5 

94 

1. Wt. Penalty-Load in 
Both Directions 

C. Air Bearings 

20 

25 

14 

6 

5 

3 

73 

1. Contamination 

D . Teflon Slides 

29 

27 

14 

10 

10 

4 

94 

1. Adjustment & Tolerances 
could be Prob. 

2. Transmission 
Systems. (Radius 
Arm & C/W) 









A . Ball Screws * 

22 

28 

14 

10 

8 

5 

87 

1. Precision Quality 

B. Rack & Pinion 

22 

28 

13 

7 

8 

4 

82 

1. Noise & Backlash would 
be Problem. 

C . Rohlix Smooth 
Shaft Actuators 

15 

15 

14 

6 

9 

3 

72 

1. Friction System Un- 
desirable. 

3. Couch Support 









A . Ball Bushings 

! 

28 

26 

14 

9 

8 

5 

90 

1. Wt. Penalty-Direction 
of Loads. 

B. Roller Systems 

27 

24 

11 

7 

7 

5 

81 

1. Difficult Adjustment. 

C . Teflon Slides * 

29 

29 

15 

10 

10 

4 

97 

1. For Manual Operation- 
Simple st 


♦Approaches Selected for Baseline Configuration. 


VOL. I 


163 



Table 28 


Trade-off Summary Couch Pivot 



Factors (Ref. Table 25) 

Remarks 


SA 

RE 

DS 

W 

M/C 

A/C 

Total 


1. Pivot Support 









A. Teflon Bushings* 

28 

30 

15 

10 

10 

5 

98 

1. Slow Speeds Make 
Teflon Attractive. 

B. Ball Bearings 

27 

27 

11 

8 

8 

4 

85 

2. Weight & Noise could be 
Problems. 

C. Rollers Bearings 

28 

27 

11 

6 

8 

4 

84 

3. Same as above. 

2 . Pivot Drive 









A . Miter Gearing & 
Torque Shafting 
to Drive in Radius 
Arm.* 

28 

28 

13 

9 

1 

8 

5 

91 

1. Positive Acting - must 
be Free of any Backlash. 

B. Ball Screw Actua- 
tors & Linkage. 

26 

27 

10 


9 

5 

86 

1. Tolerances would be 
Difficult - Could be 
Lighter. 


^Approaches Selected for Baseline Configuration 


Table 29 

Trade-off Summary Couch Roll 



Factors (Ref. Table 25) 

Remarks 


SA 

RE 

DS 

W 

M/C 

A/C 

Total 


1. Couch Roll Support. 









A. Radial Track & 
Rollers* 

28 

26 

10 

7 

7 

5 

83 

1. Noise could be Prob. - 
Weight 

B. Teflon Segmented 
Slides 

26 

26 

12 

10 

9 

3 

86 

2. Development & Adjust- 
ment Difficult 

2. Roll Drive 









A . Ring Gear & 
Pinion* 

28 

26 

11 

9 

8 

5 

87 

1. Noise could be a Problem 

B. Roller (Friction 
Drive) 

28 

26 

15 

8 

10 

2 

87 

2. Special Development 


^Approaches Selected for Baseline Configuration. 



Phase II Analysis 


Objectives - The Phase n study effort was directed toward establishing a 
realistic orbital centrifuge configuration based on the trade-off evaluations con- 
ducted during Phase I. Of primary concern was the integration of the motion 
mechanisms with a structural system which would meet the couch clearance re- 
quirements and still provide the required structural stiffness . An effort was made 
to re-evaluate the initial weight and mass distribution estimates. With this data, 
plus a more detailed experiment definition, Ref. -Volume IV of this report, it was 
possible to develope the various mechanism detail requirements. Fig. 75 illus- 
trates the baseline configuration developed during this period. 



Figure 75, Space Research Centrifuge Baseline Configuration 
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Centrifuge parameters by experiment - Initially, during the Phase II study, 
a detailed evaluation was made of the individual experiments to determine the opera- 
ting parameters of the centrifuge. Figures 76 through 84 summarize these parameters. 



Figure 76. T-010A, Grayout Sensitivity Thresholds. 


T-010A experiment parameters - (balanced system): , 

Primary rotation 

r P m (max) ^ 2 . 84 x lO"'* 96 Inches = 46 ' 8 rpm = 4 ' 9 rad/seo = " 

co 4 . 9 2 

Acceleration (a) = — = . 08 rad/sec 

t 60 sec 
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Centrifugal force acting or radius arm 
(Man & couch weight = 367 lbs. ) 
f MC = 2 - 84 x 10 " 5 x W x R x co 2 

“5 2 

- 2.84 x 10 x 367 lbs. x 63 in. x 46. 8 

= 1442 lbs. 

2 

Moment of Inertia (I) - 594 slug ft 

Momentum (M ) ICO =2915 ft.- lb.-sec. 
c 

Torque (T) - la = 47.5 ft.-lbs. 

Centrifugal force acting on count erweight ball screw. (Each counterweight = 330 lbs. - 
2 req. ) 

-5 2 

F = 2.84 x 10 x 330 x 25.9 x 46.8 
cw 


F = 532 lbs. 
cw 



Figure 77. T-OIOB Therapeutic. 
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T-010B - Experiment parameters: 


Primary Rotation 

rpm, . = 53 rpm = 5.5 rad/sec 
(max) 

5 5 2 

Acceleration = ~~~~ ~ = .139 rad/sec 
40 sec 

Centrifugal Force (F^) = 1260 lbs. 

Centrifugal Force (F ) = 474 lbs. 

cw 

2 

Moment of Inertia (I) = 594 slug ft. 

Momentum (M ) = 3270 ft. -lb. -sec. 
c 

Torque (T) = 82.8 ft. -lbs. 

+Y 



T-010C - Experiment parameters : 

rpm = 0 - (Primary rotation locked) 
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Note : Since the only motion during this experiment is about the couch "Z" 
axis all of the primary rotating parameters will be "0", The Z axis - roll param- 
eters, assuming a 6 inch max. C.G. eccentricity, will be. 

rpm(roll) = 0 to 6 rpm 


Accelerations = . 1° to 1. 0°/see in 10 sec bursts. 


I /r7 . . = 2. 85 slug ft 
(Z-axis) & 


T (Z-axis) (max>) 


.05 ft .-lbs. 



Figure 79. T-010D, Tolerance to Tilt Simulation 


T-010D Experiment parameters : 
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Primary rotation =29.6 rpm =3.1 rad/sec = CO 

Acceleration (a) = . 171 rad/sec 2 

Centrifugal Force ( F Mc y = 538 lbs. 

Max after tilt 

Moment of Inertia .(I) = 585 slug ft 2 
(after tilt) 

Momentum (Me) = 1758 ft. -lb. -sec. 

Torque (T) = 100 ft.- lbs. 

Pivot Drive 

Torques about pivot axis 

Before tilt = 9, 900 in-lbs. 

After tilt = 8, 795 in-lbs. 

Rotational speed = 1. 5° /sec = . 026 rad/sec 

2 

Acceleration = . 0174 rad/sec 

2 

Moment of inertia = 57 . 8 slug-ft 
(about pivot axis) 



+Y 



Figure 80. T-010E, Coupled Angular Velocities (Part I) 




Figure 81. T-010E, Coupled Angular Velocities (Part II) 
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T-010E (Part 1) experiment parameters: (Test subject's head is on spin axis.) 

Primary rotation - 

4 rpm = .4185 rad/sec 

10 rpm = 1.05 rad/sec, 

Accelerations = . 035 rad/sec 2 (max) 

Centrifugal forces on radius arm 
@ 4 rpm - F = 4.5 lbs. 

@ 10 rpm - F = 27 lbs . 

Moment of Inertia (I) = 249 slug ft 2 

Momentum @ 4 rpm - M c = 104 ft.- lb. -sec. 

@ 10 rpm - M^ = 262 ft.-lb.-sec. 

v 

Torque (T) = 8.72 ft.-lbs. 

T-010E (Part 2) experiment parameters primary rotation - Same as Part 1 

Primary rotation - same as Part 1 

Accelerations - same 

Centrifugal forces on radius arm 
@ 4 rpm - 'F = 7. 5 lbs. 

@ 10 rpm - F_, = 47 lbs. 

Mc 

Moment of Inertia (I) = 1351 

Momentum @ 4 rpm M c - 323 ft.-lb.-sec. 

@ 10 rpm M c = 1420 ft.-lb.-sec. 

Torque (T) = 47.3 ft. lbs. 
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T-010G - Experiment parameters: the presently defined re-entry experiment 
requires that only a 4.4g environment be simulated. Commensurate with the contract 
requirements, however, the centrifuge should be able to dev elope a 9g force field. 
Both sets of parameters were therefore considered. 

Primary rotations 

4.4g = 45 rpm =4.7 rad/sec = COj 
9. Og = 64. 5 rpm =6.75 rad/sec = ^ 

Accelerations 

Defined experiment 

. 1-g/sec onset, 0^=. 108 rad/sec 2 

9g - Apollo re-entry, « 2 =. 171 rad/sec 2 

Centrifugal forces F M C = 1425 lbs. 

Fm c ^ = 3295 lbs. 

Moment of Inertia (I) = 1440 slug ft 2 

Torques T-^ = 155 ft. lbs. 

T 2 = 246 ft. lbs. 

Momentums. M„ = 6760 ft. lb. sec. 

L 1 

M = 9715 ft. lb. sec. 
c 2 

Sub-system analysis . Having established a baseline of experiment parameters, 
the next step, in the study effort, was to define the sub-system requirements. 

Special effort was made during this definition phase to maintain the maximum 
degree of flexibility possible. This was done to insure support of the still developing 
experiment definition and analysis effort. It should be noted that once the final 
experimental program has been established, the centrifuge systems should be re- 
evaluated to develope the maximum degree of weight optimization commensurate 
with the final experiment requirements 

Primary drive sub-system: from the experiment parameters and the Phase I 
trade-off study the following parameters were developed. 
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1. Horse Power: 

I = 1440 slug ft 2 HP = ~ (100% EFF.) 

5250 

a = . 171 rad/sec 2 

T = 246 ft. lbs. 

(max) 

oo =6.75 rad/sec HP = 3. 02 


2. Speed Reductions. - The operating range of the centrifuge =4-64.5 rpm. 
Using the variable frequency motor control system, with a 3-Phase AC motor (Hoover 
Electric Co. - deep submersible motor development) a variable speed range from 

35 to 3500 RPM can be obtained. Using this as a design point, it was determined 
that the overall input /output ratio of the system would be: 

Ratio = 3380:65 = 52:1 

3. Drive Transmission. - The geometric development of the drive hub assem- 
bly provided a natural interface between the drive motor and the centrifuge main 
rotational frame. The cylindrical hub design enables the integration of an internal 
ring gear as part of the rotating structure and will permit the drive motor and 
transmission assembly to be mounted on the non-rotating structure and thereby 
simplify the electrical interface. Also, it was found that the physical dimensions 

of the drive hub sould allow a 4:1 reduction between the driven ring gear and the 
driving pinion. The main drive transmission could then be simplified since it need 
only provide a 13:1 speed reduction. This approach also simplified the data trans- 
mission link by permitting the rotary capacitor to be mounted on the centrifuge 
spin axis . 

The motor and transmission assembly should be integrated into a single 
package with an integral mechanical holding brake which is applied as a function 
of electrical power loss. The brake should also have an override circuit which 
would enable brake release direct from the 28V - battery source. 

/ 

Normal acceleration and deceleration of the centrifuge will be controlled 
through a ramp generator which provides a varying signal which is compared with 
a tachometer output; to produce the resultant drive commands . 

4. GearingLubrication. - An operating environment at between 5 and 15 
P.S.I.A. atmospheric pressure is anticipated for the centrifuge. Out-gassing of 
lubricants which are contained in sealed units is, therefore, not considered to be 
a problem. Sealed units will however, have to be pressure compensated to pre- 
vent potential external leakage should the capsule pressure be lost. 
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Exposed Gearing, i. e. - Primary drive gear and pinion, should be designed 
using materials which will be self lubricating. It was felt that dry operation of these 
slower speed elements of the drive, could be tolerated by using hard anodized alu- 
minum for the driven ring gear and a laminated teflon & fiberglass pinion. Final 
material selection would of course have to be verified by test. 

5. Efficiencies. - Based on the vender data available, the following efficien- 
cies could be expected. 

Drive motor and transmission 80% 

Gear system 95% 

Eff . factor = n ■ = 1. 33 

.8 x .95 

Therefore: 

Actual hp for the primary drive = 1.33 x 3 = 4 np. 

Translation Drive Sub-System. - The variable radius arm was originally 
invisioned to have two modes of operation. 

1. Manual Positioning. - Wherein a predetermined setting would be made and 
a system of manual locks could be engaged such that the drive components could be 
unloaded during the high "g" experiments. 

2. The Automatic Mode. - Which would enable variations in the test subjects 
radius while the centrifuge was rotating. This capability was to be limited to the 
low "g" level experiments, i. e. The T-010E experiments, involving rotational 
speeds of 10 rpm. 

It was determined that the translation drive should be sized to react only the 
loads, imposed by the automatic mode of operation, and the radius arm structure 
plus the support system and the manual locking system would react the high "g" 
loads. On the basis of this rationale, the following design parameters were developed. 

1. Sub-System Approach. - During the trade-off evaluations it was determined 
that the translation motion could best be provided by a ball screw actuator driven by 

a fractional HP electric motor. The support system would be designed to react 
all transverse loads and the actuation system would react only the radial loads. 

2 . Operational Requirements . - The maximum radial load on the drive 
system is Imposed during 10 rpm rotations with the test subject and couch C. G. 
located at 72 inches from the axis of rotation. Two load conditions will exist. 
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A. Centrifugal Load 

Coueh/man/radius arm combined wt. = 689 lbs. Effective displace- 
ment of load C.G. from spin axis = 62.6 in. 

Radial Load = 2.84 x 10“ 5 x 689 x 62.6 x 10 2 


L x = 122 lbs. 

B . Inertial load as a result of translation during rotation 


_ Wa W = weight 
2 g a = 5 in/sec 2 


_ 689 x 5 
2 ~ 32.16 


= 107lbs. 


C. The combined load - which must be reacted by a single ball screw 
actuator is therefore 

122 + 107 =229 lbs. 

D. Assuming a lead of .25 in. the ball screw torque would be: 

Lead x Load 


T 


.25 x 229 
6.28 


= 11.6 in. lbs. 


E. Ball screw speed: nominal speed for an average radius arm velocity 
of 1 in. /sec. would be: 


V = 4x1x 60 = 240 rpm 

F. Horse Power - @ 100% efficiency. 


HP 


T x rpm 
63025 


HP 


11.6 x 240 
63025 


. 024 hp 
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3. Runaway system: , Since the nominal operating requirements were so 
small, a more severe operational condition was considered wherein the system was 
allowed to rotate at the maximum design speed of 65 rpm. 

A. Radial Load L = 2.84 x 10“ 5 x 689 x 62.6 x 65 2 

L - 5165 lbs. 

B. Combined load on single ball screw 

5165 + 107 = 5272 lbs. 


C. Torque on ball screw 


T= 


.25 x 5272 
6.28 


= 210 in. lbs. 


D. 


HP = 


210 x 240 
63025 


.913 


4. This approach was felt to be excessively conservative in light of the defined 
experiment parameters. It was therefore decided to size the translation drive on a 
basis of providing an operational capability factor of three times the then defined 
experiment requirement. This would provide a reasonable flexibility without ex- 
cessive penalty. 


A . Radial load 30 rpm - 1102 lbs . 

B. Combined load = 1102 + 107 = 1209 lbs. 

C. Torque = 48 in. lbs. 

D. HP =.183 


5. Efficiency factor 


Motor 

- 80% 

1 

Transmission 

- 90% 

. 8 x .9 x .95 x .95 

Gear box 

- 95% 


Ball screw & nut 

- 95% 



6. Hp for drive = . 183 xl.54 = . 282 

(.25 would be adequate for intermediate duty) 


VOL. I 


179 



7. Gear reduction required - (assuming the use of presently developed hardware) 


11, 040 rpm motor speed _ ^ 

240 rpm ball screw 

Pivot Drive Subsystem. — Three of the baseline experiments require that the 
centrifuge couch be rotated about the pivot axis while the centrifute is rotating. During 
these experiments, (ref - T-010D, T-010E and T-010F) the test subject’s head is 
located on the pivot axis and his body is rotated about it. This configuration creates 
torsional moments about the pivot axis during centrifuge rotation. In addition to the 
steady state, torsional loads the pivot drive must also be capable of accelerating, or 
decelerating the test subject about the pivot axis while the centrifuge is rotating. 

The pivot system must also provide the capability of positioning a test subject 
such that his long body "Z" axis is perpendicular to the radius arm and his c. g. is 
coincident with the pivot axis. In this configuration, (ref. T-010G experiment) the 
pivot system would not be heavily loaded since the test subject's mass would be closely 
aligned with the radius arm center line. Also the pivot system manual lock could be 
engaged and would react any eccentric loads directly into the radius arm. 

The most severe operating condition, to which the pivot system must respond, 
would be during the T-010F series of experiments. 

1. Experiment Requirement. — 10° /sec pivot, in the direction of rotation, 
with the centrifuge rotating at 28 rpm. Pivot commands would be in 15° increments. 

2. Centrifugal Force — The most severe pivotal torque would be the 45° couch 
offset position, ref. Figures - 82 and 83. This would place the test subject and couch 
c.g. at 69 inches from the spin axis. 

Therefore: 

F MC = 2,84 x 1° -5 x 69 " x 367 lbs. x 28 2 
“ 563 lbs. 

3. Torque @ Pivot. — With the couch in this position, the effective moment 
arm about the pivot axis would be: 

27 in. x sin 29° 23’ = 13.25 inches 
Then: 

T = 13.25 x 563 = 7450 in. lbs. 

Jr 
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4. The inertial torques induced during rotation about pivot axis are small 
since the acceleration is low, i.e. .465 rad/sec2 

Tj = la where I = 57.8 

Tj = 57.8 x .465 = 26.9 in. lbs. 

5. Combined torisional load on the pivot drive (operating); 

27 + 7450 = 7477 in. lbs. 

From the structural loads summary, ( ref . Table 17 structural analysis section), 
it can be seen that the emergency stop condition could impose loads as high as 15, 330 
in. lbs. Since the pivot manual locks would not be engaged during these experiments, 
the system should be designed to, structurally, react these higher stopping loads. By 
reacting the load through both the upper and lower pivot segments it was determined 
that this approach would be feasible provided that the pivot drive was not energized 
concurrently with an emergency stop. The drive system holding brake would then 
react this load through the gear train. 

An evaluation was then made to determine the mechanical horse-power require- 
ments necessary to meet operating conditions . 

Operating Torque - 7477 in. lbs. 

Pivot Speed (max) = 10° /sec = 1.67 rpm 

7477 v 1 fi7 

HP = ' ■ ' ■ = .197 (100% efficient) 

A preliminary design was created to determine the geometric relationships 
with the centrifuge structure, and to estimate the drive ratios required. A primary 
emphasis was placed on keeping the high speed elements of the drive subsystem as 
remote from the couch area as possible , (see Volume II, SRC-SD-604). An overall 
gear reduction of 6500:1 was estimated as being required based on the available 
drive motors suitable for this application. A multi-stage harmonic drive was there- 
fore considered to be the best approach to meet this requirement. 

An estimate of system efficiencies was then conducted to establish an efficiency 
factor for the system. 


Pivot gear boxes (2) 

- 95% 

Transition Gear boxes 

(2) - 95% 

Distribution boxes (1) 

- 95% 

Torque shafting 

- 90% 

Drive transmission 

- 95% 

Motor 

-90% 
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Efficiency factor: 


1 

. 95 x . 95 x . 95 x . 9 x . 95 x .9 


1.52 


Actual hp required = 1. 52 x . 197 
HP = .3 

Roll Drive Subsystem — The roll capability of the centrifuge is required to 
provide the necessary positioning of the test subject and to support the angular accel- 
eration threshold experiments, ref. Figure - 78. The centrifuge main rotation system 
is always fixed during the roll experiments. It can readily be seen, therefore, that 
since the test subject^ c.g. is placed on the center line of the roll frame, the system 
would be completely balanced in a "0" g environment. The demands on a drive system 
would be extremely s ma ll since the only torques imposed would be the inertial torques 
resulting from the small eccentric variations in c.g. location. If we assume a maxi- 
mum c.g. displacement from the roll frame "Z" axis of 6 inches. 

Then I = ~ ~ — = 2.85 slug ft 2 
8b 

The accelerations desired during the angular acceleration experiments have 
been developed by prior testing at Ames Research Center, ref. Vol. IV of this report. 
These accelerations range from . 011° /sec 2 to 10° /sec 2 . 

T = = 2. 85 x . 01745 = . 048 ft. lbs. 

HP = • IM 8*20(rpm) ( max) ^ 0001825 


Using the inherent reduction available through the roll frame geometry 
a preliminary design was developed. Because the power requirements are so extremely 
low it was determined that a compact power unit using a brushless d. c. , fractional hp 
motor, could be mounted on the pivot segment and react the roll drive loads directily into 
the centrifuge radius arm. The overall reduction required for this system would be: 

Motor Speed = 3000 rpm 
Max Roll Speed = 20 rpm 

An initial reduction of 24.25:1 can be attained between the roll frame ring gear 
and the drive unit output pinion. 

Counterweight Subsystem. — An analysis of the counterbalance design approach, 
for the Space Research Centrifuge, is given in Appendix C of this report. 
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During this phase of the study a preliminary design for the counterbalance system 
was created to establish the geometric interfaces. It was determined that the system 
should consist of two counterweights, mounted above and below the radius arm, which 
would be electrically driven to synchronously translate, along the main rotating frame, 
and move transversely to the frame. 

The counterweights are driven by a system of ball screw actuators, driven by 
fractional hp a-c drive motors, to provide the necessary responses defined in the 
"stability and attitude control feasibility analysis" portion of this report. 

Phase in Activity 

During this phase of the study a depth predesign of a "Ground based, space 
research centrifuge prototype, " was developed. The results of this effort are pre- 
sented in Volume II of this report. 
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Control and Communications 


Control General . — The study and conceptual design of the controls for the 
Space Research Centrifuge engineering prototype was subdivided into a number of 
subsystems to simplify the approach. They are the primary drive control, the trans- 
lation drive control, the counterweight drive control, the pivot drive control, the roll 
drive control and the perturbation control. The perturbation control is used only in 
the ground based version of the centrifuge, it will not be used in the flight article. It 
is used to control actuators attached to the centrifuge support structure. The actuators 
are used to simulate the dynamic environment that the centrifuge flight article is 
expected to encounter. 

An a nal ysis of the operations to be performed in setting up for an experiment 
showed that a manual control station mounted on the centrifuge was needed in addi- 
tion to the operator's console. The operator must be able to position various parts 
of the centrifuge while working in the immediate area. The most practical solution 
was to provide a manual control station with the necessary controls. Table 30 
identifies the control functions provided at the manual control console and the oper- 
ator's console. The perturbation controls are located on the ground systems per- 
formance console. 

Primary Drive Control. — The primary drive control subsystem logic is 
typical of the control subsystems. It must provide a 100 to 1 range of rotational 
speeds as well as variable onset rates which are required for the various experi- 
ments proposed. As shown in Figure 85, Primary Drive Controls, there are 
two modes of operation, manual and automatic. The manual mode is used to move 
the centrifuge arm for setting up the experiments and for experiments requiring a 
fixed rate of rotation. The automatic mode was provided to perform preprogrammed 
onset rates and rotational rates in accordance with the experiment requirements. 

The primary drive logic has been designed to permit abort by the test subject, the 
operator or out -of -tolerance sensors. The logic is fail-safe, therefore, in the ab- 
sence of power the brake on the drive motor is engaged. A time constant is built 
into the logic to prevent braking at an excessive rate. Using the ground rule that 
the electrical and electronic equipment shall be capable of operating in an explosive 
atmosphere reduced the suitable types of motors to the brushless dc type and the 
squirrel cage induction type. The squirrel cage induction motor was chosen for 
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Table 3 0 


Location of controls 


DRIVE SUBSYSTEM 

MANUAL 

CONSOLE 

OPERATOR’S 

CONSOLE 

PRIMARY DRIVE 



Manual /Auto 


X 

+Run/Stop/ -Run 


X 

Speed Change 


X 

TRANSLATION DRIVE 



In /Stop/Out 

X 


Slow/Fast 

X 


COUNTERWEIGHT 



Manual /Auto 


X 

Out/Stop/In 


X 

Left/Stop/Right 


X 

PIVOT DRIVE 



+Deg/Stop/ -Deg 

X 

X 

Slow/Fast 


X 

ROLL DRIVE 



Manual /Auto 


X 

+Deg/Stop/ -Deg 

X 

X 

Slow/Fast 


X 

EXPERIMENT EQUIPMENT 



On/Off 


X 

Bright/Dim 


X 
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the primary drive principally because variable speed integral hp induction motors 
are within the current state-of-the-art, while brushless dc motors have been de- 
signed only up to 1/2 hp. 

A variable frequency /variable voltage 3 phase inverter is required to power 
the 3 phase induction motor. The input to the inverters is a function of the summed 
outputs of the ramp generator and the tachometer connected to the motor shaft. The 
ramp generator output is programmed for the desired onset rate at the beginning of 
the experiment. 

The primary drive is interlocked with the translation arm to prevent opera- 
tion of the primary drive when the translation arm is not in one of the five mechani- 
cally locked positions . It is also interlocked with the roll drive logic to prevent 
operation of the primary drive when the roll drive is being operated. 

Translation Drive Control. . _ The radius arm length is positioned 
by a 1/3 hp two speed reversible motor. An In/Stop/Out control and a Slow/Fast 
control on the manual console are used to operate the motor. Mechanical locks hold 
the radius arm in one of five positions. The translation arm drive control is inter- 
locked with the pivot frame position. The translation drive cannot be operated to 
extend the arm beyond the 45 inch position when the pivot frame is not in the "0° " 
position. 


The operator’s console is provided with indicator lights to show when the 
mechanical locks are engaged and the translation arm position. Figure 86, Trans- 
lation Arm Controls, shows the functional operation of the subsystem. 

Counterweight Control System — A functional schematic of this subsystem 
is shown in Figure 87, Counterweight Control System. Controls are provided on 
the operator’s console to position the counterweights manually or automatically, hi 
the automatic mode, the summed output of four sensors, mounted on the centrifuge 
main frame , are fed to the logic unit which controls the counterweight translation 
and transverse drive motors. The manual mode control is provided to permit initial 
positioning of the counterweights before the start of an experiment. During an ex- 
periment the counterweight control will normally be in the automatic mode. This 
subsystem is not interlocked with any other control systems . The operator's panel 
is provided with readouts of the net force unbalance and the counterweight positions. 

Couch Pivot Controls . — The couch pivot control subsystem provides for 
positioning the couch manually from the operator's console and the manual control 
console or automatically at the operator's console. Automatic operation is accom- 
plished by setting the desired pivot frame position on the input registers. When the 
input and the position registers are balanced the drive will stop. Figure 88, Couch 
Pivot Controls, shows the functional operation of the subsystem. Light indications 
on the operator's console show when the pivot frame is in a locked position. The 
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pivot drive logic is interlocked with the translation arm position to prevent operation 
of the pivot drive when the translation arm is extended beyond the 45 inch position. 

Roll Drive Control . — Controls are provided at both the manual console and 
the operator’s console. Additionally, at the operator's console, a Slow /Fast control 
and a Manual/Auto control are provided. The control functions of the subsystem are 
shown in Figure 89, Couch Roll Drive Controls. In the automatic mode, a pre- 
programmed tape will control the roll onset rate as determined by the subject’s 
response to the experiment. The roll drive is interlocked with the primary drive 
circuit to prevent operation of the primary drive when the roll drive circuit is 
activated. 

Readouts are provided on the operator’s console to monitor the roll accelera- 
tion and velocity rates. 

A 28 volt dc brushless motor was selected for the roll drive because of the 
variable speed and low torque requirements. 

Perturbation Control . — The perturbation control, as mentioned previously, 
is used to control the actuators attached to the support frame of the ground based cen- 
trifuge. The actuators induce motion in the centrifuge in simulation of the dynamic 
environment expected to be encountered by the flight article. The control circuit is 
designed as shown in Figure 90 , Perturbation Control, Electrical, to provide 
X-X, Y-Y or circular motion in the X-Y plane. This may be done at a single fre- 
quency or with a high frequency excitation superimposed on low frequency signal. 

The amplitude of both frequencies may be adjusted. Resolvers were selected as 
signal generators because of the quadrature phase relationship that must be main- 
tained over the wide range of low frequencies employed. 

Experiment Equipment Control . — Ancillary equipments used in conjunction 
with different experiments will require control from the operator's console. A 
"black box" approach was used in arriving at the control requirements, since these 
equipments are not presently defined. Controls provided at the operator's console 
permit the concurrent operation of two black boxes, varying one parameter on each 
and providing one stepping function for each. An electrical interface is provided at 
the couch for connecting to the ancillary equipments. 


VOL. I 


187 



Communications, General . — The communications system provides four 
main functions; two-way voice communications between the operator and the test 
subject, closed circuit TV monitoring of the test subject, data transmission of the 
instrumentation to the biomedical panel, the operator's panel and recorders, and 
transmission of the commands from the couch, the manual control console and the 
operator's console to the centrifuge control systems. This is shown in Figure 91, 
Communication Block Diagram. Signal transmission across the rotary and trans- 
latory mechanisms was studied relative to the experiment requirements and the con- 
straint that the electrical and electronic equipment shall be compatible with an 
explosive atmosphere. The rotational limits of the pivot mechanism, ±100 degrees, 
and the ±38 inch motion of the translation arm make hard wiring feasible across these 
mechanisms. 

With the exception of the angular acceleration experiment, the roll frame 
rotation is limited to 90 degrees. However, during the angular acceleration ex- 
periment the roll frame is rotated through many revolutions. It was decided that a 
pair of omni-antennas shall be used for the communication link during the angular 
acceleration experiment and that hard wiring shall be used across the rotary mecha- 
nism for all the other experiments. This compromise benefits from the advantages 
of hard wiring for the majority of the experiments and provides a simple means of 
communications changeover for the angular acceleration experiment. 


Since the main pivot of the centrifuge rotates continuously it is not feasible 
to hard wire across it. A trade-off analysis was made of the use of rotary capaci- 
tors vs the use of antennas , The results of the study show rotary capacitors to be 
most feasible for this application. The hub design accommodates the installation of 
three rotary capacitors to be used for the transmission of information between the 
stationary and rotating portions of the centrifuge . A rotary capacitor will have to 
be developed for the centrifuge. Commercially available capacitors were not de- 
signed for the number of cycles of operation required in this application. The pro- 
blem is one of providing bearings rated at 5000 hours of operation, the rating on the 
bearing for the main pivot. 

The TLM component parts, SCO's, multiplexers, transmitters, receivers, 
etc. for this application are commercially available in miniaturized form. 

Two-way Voice Communications . — Voice communications between the couch 
and the operator's panel will be provided for all experiments. The test subject will 
be provided with headphones and a lip or throat microphone. A microphone and speaker 
will be installed at the operator's console. Because the transmission is via either a 
rotary capacitor or an antenna, r f transceivers will be required. For safety pur- 
poses, a tone generator and detector will be provided for transmission in each direc- 
tion. The absence of a tone at either end will raise an alarm at the operator's console. 
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Closed Circuit TV . — A TV camera and its associated controls will be moun- 
ted behind the test subject's head and pointed at a mirror in front of the subject's face. 
Small portable videon cameras operating from 28 volts dc suitable for use in the ground 
prototype are commercially available. Miniature cameras, fully qualified for the space 
environment are availalable at considerably more cost. From an evaluation of the TV 
monitors available several suitable monitors were found that will operate from 28 volts 
dc, have good picture quality and are compact. A VHF rf modulator is included in 
the camera control module to provide the modulated rf carrier needed for transmission 
through the rotary capacitor at the primary drive. 

Data Transmission . — The biomedical data, subject’s experiment data and 
voice communications will be time and frequency multiplexed on one RF link. This 
is due to the fact that these data must be transmitted during all experiments and there- 
fore must be transmitted via the omni-antennas during the angular acceleration ex- 
periment when the roll frame wiring is disconnected from the pivot frame. Multiplexing 
the data with this commonality simplifies the switchover to the angular acceleration 
experiment. 

The centrifuge parameters and the up link and down link commands will be 
multiplexed and transmitted through one rotary capacitor. The TLM components 
required for this link are commercially available. 
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CONSOLE CONTROLS NON-ROTATING SYSTEM 


Lii 
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Figure 85, Primary Drive Controls 
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Figure 87. Counterweight Control System 
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CONSOLE CONTROLS I I ROTATING SYSTEM 
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Figure 89. Couch Roll Drive Controls 
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Figure 90. Perturbation Controls 
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Figure 91. Communication Block Diagram 
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FEASIBILITY STUDIES 


Reliability, Failure Mode and Effects Analysis 

Reliability analysis was conducted through the functional approach, 
determining what functions are performed or required as a part of the exper- 
iments to be performed. For this system, the functions include, first, the 
various modes of motion, rotation, translation, roll and pivot. In addition, 
other functions such as structural integrity, communication, dynamic 
stability or balance as required for satisfactory operation were identified. 
Finally, these must be supported by provisions for power. Each function is 
performed or assured by an assembly or combination of hardware. A 
prediction of reliability was made for each named subsystem and by consid - 
eration of the failure modes of the hardware, the effect of van ous failures 
was identified on the functions. The failure rates of the hardware resulting 
in function failure were then allocated to the function distribution providing 
an estimate of the probability of successfully completing the mission. 

Functional allocation. Table 31 provides a list of functions 
necessary to operate the centrifuge. For each function, a combination of 
the subsystems essential to the performance is named. 

Reliability prediction. A reliability prediction for each subsystem 
is given in Tables 34 through 46. Data sources are tabulated on the backup 
sheets accompanying each system reliability block diagram. 

Failure analysis. The intent of failure analysis was to investi- 
gate, in limited depth, the action and interaction of the various system 
elements to determine the over-all effect of system failures on mission 
(experiment) accomplishment and crew safety. The analysis is effective in: 

1. Determining the gross effect of certain failures on the 
over -all mission (experiment) and the crew safety. 

2. Identifying those areas where emphasis in a development 
program should be placed to improve the reliability of 
hardware. 

3. Identifying, classifying and determining the number of 
and consequence of failures such as: 

A. Minor - Mission (experiment) can be completed 
and crew is safe. (Classification Symbol "M") 
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B. Abort - Mission (experiment) cannot be completed, 
but crew is safe. (Classification Symbol "A") 

C. Catastrophic - Mission (experiment) cannot be 
completed, crew is trapped and possible injury 
might result. (Classification Symbol "C") 

4. Developing recommendations for crew action to cope with 
the failures. 

5. Developing recommendations for modifications to the 
systems. 

For each function tabulated in Table 31> the equipment failure 
that would have an effect on the function is tabulated and the fraction of total 
functions attributable to that equipment is estimated. The primary effect, 
recommended crew action and suggestions for improvement are recorded in 
Table 47. 

Subsystem failure distributions. The functional reliabilities are 
computed by summing the probabilities of occurrence (P ) from the 
reliability predictions across the functional matrix, Table 48. These 
probabilities of occurrence are then distributed across the failure modes to 
provide a measure for evaluation of the importance of each component 
failure mode. 

Recommendations. Baseline reliability estimates reflect the 
functional reliability of each system without any attempt to improve or 
optimize the reliability of the total device. These estimates indicate that 
control, instrumentation and communications will require the most emphasis 
with regard to selection of high reliability components and intensive 
qualification effort. 

In order to assess the effect of introducing spares for certain 
critical components and providing a limited amount of active parallel 
redundancy, a reliability re-estimate was made in the most sensitive areas. 
These items and their disposition are shown by Table33. The resulting 
improvement in over-all reliability to . 903075 indicates that these techniques 
will be adequately effective in raising predicted reliability to appropriate 
man-rated levels. Spares and active parallel redundancy as well as a 
vigorous qualification program are firmly recommended for the flight 
centrifuge development. 
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Table 31. - Centrifuge Functions and Essential Subsystem Requirements 


SYSTEM FUNCTION 
Primary Rotation (PR) 

Radius Arm Translation (RAT) 


Couch Roll (CR) 


Couch Pivot (CP) 


Structural Integrity (SI) 
Power (P) 

Communication (C) 

Dynamic Balance (DB) 


ESSENTIAL SUBSYSTEMS REQUIRED 

Primary Drive System 

Power System (External Source) 

Rotational Control Systems 

Arm Assembly Drive System 

Arm Translation Control 

Battery^ System (On Board) 

Counterbalance Drive System 

Couch Roll Drive System 

Battery System (On Board) 

Coach Roll Control 

Couch Pivot Drive Assembly 

Battery System (On Board) 

Couch Pivot Control 

Structure 

Battery System (On Board) 

(Undefined External Source) 
Communication 
Couch Instrumentation 
Battery System (On Board) 

Dynamic Balancing Control 
Counter biancing Drive System 
Battery System (On Board) 
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Table 32. - Space Centrifuge Reliability Summary 


FAILURES 
EXPECTED 
PER 1000 

SYSTEMS AND SUBSYSTEMS FLIGHTS 


1.0 

STRUCTURE 

3.1694 

1.1 

Drive Hub Assembly 

0.0250 

1.2 

Frame Assembly 

0.0100 

1.3 

Arm Assembly 

0.0100 

1.4 

Control Console and Display 

0.0050 

1.5 

Couch Assembly 

3.1194 

2.0 

DRIVE SYSTEMS 

29.1121 

2.1 

Primary Drive 

3.4977 

2.2 

Arm Assembly Drive 

1.2973 

2.3 

Counterbalance Drive 

20.2991 

2.4 

Couch Pivot Drive 

1.6984 

2.5 

Couch Roll Drive 

2 .3196 

3.0 

POWER SYSTEM 

12.3937 

3.1 

Battery System (Arm). 

12.3937 

4.0 

CONTROL SYSTEMS 

95.9550 

4.1 

Rotation Control, Main Drive 

22.2076 

4.2 

Arm Translation 

3.5812 

4.3 

Couch Pivot 

4.1837 

4.4 

Couch Roll 

15.8021 

4.5 

Dynamic Balancer & CMG's 

50.1804 

5.0 

COUCH INSTRUMENTATION 

55.2254 

6.0 

COMMUNICATIONS 

197 . 1193 

6.1 

Intercommunications 

191.8811 

6.2 

Television 

2.5944 

6.3 

Medical Displays 

1.27 87 

6.4 

Rotary Capacitors 

1.3651 


CENTRIFUGE ASSEMBLY 

392.9749 


PREDICTED 

RELIABILITY 


0.996836 
0.99997 5 
0.999990 
0.999990 
0.999995 
0.996885 

0.97 13 08 
0.996508 
0.998704 
0.979906 
0.998303 
0.997683 

0.987683 

0.987683 

0.908505 

0.978038 

0.996425 

0.995825 

0.984322 

0.951056 

0.946270 

0.821093 

0.825405 

0.997409 

0.998722 

0.998636 


0.675046 
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Table 33. - Effect of Spares and Redundancy on Basic Systems Reliability 


Item* 

Disposition 

Basic Reliability 

Revised Reliability 

2. 2 
2. 2. 1 

Spare 

. 998703 

.9996495 

2. 2. 4 

ii 



2. 3 
2. 3. 1 

Spare 

. 979905 

. 991293 

2. 3. 4 

M 



2. 3. 16 
2. 3. 19 

rt 

1! 



2. 4 
2. 4. 1 

Spare 

. 998303 

. 999383 

2. 4. 4 

t! 



2. 5 
2. 5. 1 

Spare 

. 997683 

. 999829 

3. 1 
3. 1. 1 
3. 1. 4 

Spare 

it 

. 987682 

. 9983764 

4. 1 
4. 1. 2 

Redundancy 

. 978038 

. 9927818 

4. 1. 7 
4. 1. 8 
4. 1. 11 

ii 

it 

Spare 



4. 4 
4. 4. 2 

Redundancy 

.984322 

. 993109 

4.4.10 

Delete 



4. 4. 18 

Redundancy 



4. 5 
4. 5. 2 

Redundancy 

. 951055 

, 958793 

4. 5. 5 

H 



5. 0 
5. 0. 1 

Spare 

. 946270 

. 998838 

1 

i 



5. 0. 11 

Spare 



5. 0. 13 

II 



5. 0. 18 

! I 



5. 0. 19 

It 
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Table 35. - Structure Reliability Model 
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Table 37. - Drive Systems Reliability Model 
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Table 39. - Power System Reliability Model 


POWER 

SYSTEM 

0. 987683 


SYSTEM 


BATTERY 

SYSTEM 

(ON-BOARD) 

0. 987683 


r 1 

I (UNDEFINED | 

I EXTERNAL . 

1 POWER | 

J SUPPLY) , 

i_ _ _ — i 

3. 2 


SUBSYSTEMS 


R =0.987683 
ps 
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Table 41. - Control Systems Reliability Model 


R 

cs 


CONTROL 

SYSTEMS 

0. 908505 


SYSTEM 



4. 5 4. 4 


SUBSYSTEM 


R 

cs 



xR. _ x R „ x R . x R _ 
4. 2 4. 3 4. 4 4. 5 


0. 908505 
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Power Switch I 2.0 2.00 | FAR ADA j 

Indicator, Current Overload 1 1.0 1.00 129.75] FARADA j 950.25 




g § I s . 

UDS<W(l 


o 

05 •• 6 H 

0) 0) M X 

6 J « Q 

S5 E* CS ~ C 


w z c 


a k o ^ 

I &5 8 

U O f B - 


OT MO 
t) (D 0) H 

.0^*3 

!Z E* 05 C 


o a- 
• g O’ 

O O fl> 

53 O 05 C 





oooooo oooooooooooo 
O ■«* O O O O O O O O O O OJ o o o o >* 


HOH«)HinoHninininTi'MttMOO 
<5* H H rl rl .HI «**• 


OincOOOOOOOO OOOOOO OH 
^tOOoiOOOOft<tOOO<NOOO<N O 

CN VO CO H CO H CN nnfflOHNM ** O H H vO H 

r* N .in <n 


in it o h 

O O O O O O O O O O O CN O O O O t}* OrfOmHOOOOCNfNOOOfNOOOlNO 

HOHHHinOHcninminTtHHCNOO CN CN 'tfHCNrOn'^<frH<NH*frOfOHVOH 

-fr H HHH H <<* H H H 



O rl N n ^ i/MO -MD OH M n^lfnOMBfl' O 

h <n po m vo oo cr> h h h h h h h h h h cn n ^ tn vo oo <y> h h h h h h h h h h cn 

inintnininininininininininininminininintn 


212 


VOL. I 


095,955,0 .9085054 



Table 43. - Couch Instrumentation Reliability Model 


R . 

ci 


COUCH 

INSTRUMENTATION 
0. 946270 

5.0 


SYSTEM 


R . = 0. 946270 

ci 
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Table 45. - Communications Reliability Model 


R 

com 


COMMUNICATIONS 

0.821093 

6.0 


SYSTEM 



SUBSYSTEM 


com 


- R/ . x R, x R, , x R 
6.1 6.2 6.3 6. 


0.821093 
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Table 48. - Subsystem Failure Distribution 
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Safety Evaluation 


Safety evaluation for the internal centrifuge compartment and mechanism must 
first begin with those factors which are inherent in all parts of the space vehicle. 
These include such things as hull penetration and depressurization, fire, radiation, 
atmosphere toxicity, etc. Special problems related to this man, machine monitor 
complex add additional problems concerned with safety and rescue. These relate to 
design concepts and must be recognized early in the design effort to minimize later 
changes. The formulation of safety procedures and development of rescue techniques 
is rather limited at this time to more general rather than specific terms, because of 
a lack of overall integration and final design configuration. Indeed, it may be that 
only by final experimentation with man interfacing with the equipment will it be pos- 
sible to determine where or what is dangerous and what to do about it. At this point, 
design critique from the standpoint of safety and rescue is the most important contri- 
bution. While many areas which effect the safety of the experiment have been dis- 
closed by this review, no situation has appeared which is judged inherently unsafe 
or which cannot be avoided by sensible design and experiment procedure. 

Approach - Safety feasibility has been treated in this study by specifying ground 
rules and recommended practices for centrifuge design and operation, and then com- 
paring these requirements with the emerging design to assure that the requirements 
can be met. Because potentially hazardous space mechanisms cannot be completely 
man-rated on earth and the extent of multiple, complex stress factors is unknown, 
a best estimate of the worst conditions anticipated has been assumed as the basis 
for safety criteria. This has been tempered with the observation that there is as 
much danger in being too restrictive in controlling the experimental design from the 
safety and rescue aspects as there is in allowing some fault to go unnoticed at this 
early stage of development. 

Medical Emergencies - In general, medical emergencies or direct trauma to 
the subject will undoubtedly pose the worst condition with which the monitor must 
cope. In such cases, abort controls are essential in as much as conditions are 
anticipated which will not allow adequate communication between the subject and the 
monitor. Physiological abort criteria would include the following: 

Unconsciousness - This would be apparent to the monitor by observation of the 
subject, loss of communication, change or loss of EEG pattern, and marked change 
or loss of ECG pattern. Arm restraint system is indicated to prevent the arms from 
extending and becoming vulnerable to trauma during unconscious state. Rapid decel- 
eration is indicated to counteract the condition. It should not be necessary to remove 
the subject to another portion of the spacecraft unless some unusual situation occurs. 
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Nausea and Vomiting - If this is coupled with unconsciousness, it would prob- 
ably be the worst case emergency. Any vomitus receptacle probably represents a 
compromise and will be inadequate if the subject is unconscious. Further work 
should be accomplished in this area. The best approach is undoubtedly to avoid this 
combined emergency by careful experiment design. 

Alterations of Vital Signs - In biosystems, greater concern is generated by 
rate of change rather than by change in amplitude alone. Therefore, any sudden 
change in pulse, respiration, or temperature should abort the run. The time of 
change concerned would be a matter of a few seconds. Physiological limits for set- 
ting alarm functions are tentatively listed as follows: 

a. Respiration Rate 5-25 breaths per minute 

b. Heart Rate 50 - 180 beats per minute 

c. Blood Pressure Systolic 180 max. - 80 min. Diastolic 50 min. 

Injury - Obviously any injury sustained, except for minor bumps and abrasions, 
whether bleeding or not, should be cause for abort. In instances where the subject 
is examined after minor injury and found satisfactory the test can proceed. 

Probably other problems will arise providing additional criteria for aborting 
the experimental run. 

Should some unusual event occur necessitating experiment abort and placing 
the subject in jeopardy, a rescue procedure should be in effect and ready to imple- 
ment. Again, not knowing specific details of installation, finite directions are not 
possible. In general, the monitor must get to the distressed subject as quickly as 
possible and apply resuscitative measures to restore physiological function. A maxi- 
mum of 30 seconds is suggested for this purpose. Once the monitor reaches the sub- 
ject, he should have at the subject site or carry with him the following: 

1. Medication for pain - synthetic preparations in ready to inject capsules. 

2. Adrenalin or adrenalin-like medication for restoring blood pressure. 

3. Bandages. 

4. Anti-nausea medication. 

In addition, a provision should be made for suction clearing of the nasopharynx 
and an airway provided for aritifical respiration. 

The monitor should also be able to call for help. This necessitates placement 
of communications equipment in the centrifuge for the monitor' s use. 
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It would appear that with the complexity of the device that the subject will 
normally require help to enter and leave the centrifuge. Foot and hand tethers for 
both subject and monitor should be available for this purpose. 

In order to prevent cross -coupling effects, it is advisable to spin-down before 
changing position for the higher-g experiments. For this purpose , it is reasonable 
to place positioning controls on the centrifuge. This will provide direct visualiza- 
tion of the subject during positioning and will eliminate an accidental position change 
at high rpm. 

Pain - The onset of pain in abdomen, thorax or head may indicate bleeding or 
major disturbance of internal structures. Along with this, any overt evidence of 
bleeding such as from mouth, nose, or ears should cause abort. 

Fear - Panic - Last, but not least, are psychological parameters noted here. 
Change in psychological state will profoundly alter the physiology, and will result in 
poor data. 


Mechanical & Operational Problems 


A major objective of safety evaluation must be the prevention of mechanical 
failure and assessment of the consequences of such failure. Most important are the 
failure modes that would result in structural damage to the machine with attendant 
harm to the test subject. Reviewing the results of the failure mode and effects 
analysis, cases of catastrophic failure mainly involve centrifuge structure and locks 
and can be eliminated by the use of high design margins and backup systems. In- 
stances of experiment abort are concentrated mainly in communications, balance 
control and primary rotation systems and can be reduced to a low probability of 
occurence by the use of spares, active parallel redundancy and high reliability com- 
ponents. 


Impact with any object, loss of equipment during rotation, or control manipu- 
lation that would overstress the subject or mechanism or place the test subject in a 
compromising position must be carefully avoided. This suggests that a thorough 
check list should be devised and then adhered to for each experimental run. It is 
early in the program to devise such a check list, but some things can now be con- 
sidered, such as the following: 

1. Subject secured properly in device. 

2. All release mechanisms secured. 

3. Proper experimental devices in place. 

4. Subject briefed and ready for experiment. 
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5. Monitor in position and tether secured. 

6. Power ON. 

7. Communications intact. 

8. Bio monitoring system functioning. 

9. Programmer set and running. 

10. Control set sequencing. 

11. Begin experimental run. 

12. Stop experimental rim. 

13. Secure control systems. 

14. Power OFF. 

15. Egress of subject from experimental area. 

Obviously the check list will be expanded to include items such as communica- 
tions intact; check voice link; check T. V. link; etc. 

In addition to these considerations other areas which represent a compromise 
to safety are: 

1) Fire Hazard : Particular care must be taken to avoid the possibility and 
consequences of fire in connection with the centrifuge. As a ground rule, 
combustible materials must be avoided in the specification of centrifuge 
equipment. The two most prevalent locations where combustible items 
may appear are on the couch for padding and contouring and in the motion 
systems in the form of lubricants. For padding, contouring and covering 
sharp edges in the couch area, Apollo developed technology in using beta 
cloth and other noncombustible material must be relied upon. Lubricants 
as a combustible can be avoided by specification of dry bearings for all 
exposed systems and complete sealing and explosion proofing of the ele- 
ment where lubrication is required. 

With respect to possible ignition sources, particularly the electrical 
systems, slip rings or commutators can be avoided by the use of rotary 
capacitors for signal transmission and induction or brushless d-c motors 
for motion system power. Teflon-insulated conductors must be recessed 
within the mechanism and not exposed to possible abrasion or breakage 
by crew activities. All portions of the system must be grounded to prevent 
buildup of static charge. 
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Hand-operated fire extinguishing equipment dispensing water or 
aqueous gel are recommended for location in the centrifuge area. Auto- 
matic fire suppression system application should be considered for poten- 
tial trouble areas, as may arise with detail installation of the machine. 

2) Loss of Pressure - This would appear to be difficult to cope with. Emer- 
gency suiting of some sort should be considered in the centrifuge area, and 
emergency air provided at the couch. In case of hull penetration, emer- 
gency procedures will be similar to those for other areas of the spacecraft. 

3) Power Failure - Provisions should be made to assure that in case of power 
failure, the mechanism quickly comes to a stop without release of any 
function. 

4) Drive Mechanism Failure - This should result in automatic abort. 

5) Communication Failure - Loss of either T. V. or voice should be an 
abort condition. 

6) Abnormal Function of Controls - Any abnormal functioning of controls, 
particularly the yaw, pitch, and roll controls, should be cause for experi- 
ment abort. 

Biomonitoring - The requirement for adequate biomonitoring capability is 
important because of borderline physiological stresses that will be imposed and the 
poor knowledge that is current on the effects of this stress. More complete descrip- 
tion of the experimental equipment and needs is discussed elsewhere, but a listing 
of the tests and how they will be used is appropriate here. 

Routine biomonitoring functions may be reduced even further by the time of the 
experiment but in any event do not impose a design constraint for the centrifuge ex- 
periment. However, the various experiments planned do require instrumentation 
onboard and some method of direct visualization. Some of the instruments and tests 
required are noted in Table 49. 

The monitor readout requires only vital signs, temperature, respiration rate, 
cardiac rate, and blood pressure. The remaining information can be recorded and 
developed or stored. Vital Sign readout is necessary in order to ascertain the sub- 
ject status. This latter is aided by direct visualization and communication. 
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Table 49. Biomonitoring Requirements 
Routine Measurements 

1, Electrocardiogram 

2, Temperature (thermister probes) 

3, Respiratory Data (impedance pneumogram) 

4, Phono cardiogram 

5, Blood Pressure 

6, Electroencephalogram 

Centrifuge Experiment Will Require 

1. Subject Positioning Recording 

2. Electro -oculogram 

3. Plethysmogram 

4. Tilt Table Drive and Position Recording 

5. Venous Compliance 

6. Electromyogram 

7. Ear Oximitry 

8. Cardiac Output (if available) 

Summary of Recommendations - The following recommendations are made in 
summary: 

1. Make sure positioning controls have positive locking function. 

2. Provide fire control. 

3. Eliminate sharp corners or pad them. Eliminate protruding obstructions. 

4. Make certain no control travel can be over extended. 

5. Provide manual override provision on all essential controls. 

6. Design control panels to eliminate unnecessary control buttons and 
indicators. 
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7. Place all important readout and controls on central board. 

8. Avoid extraneous indicators on T. V. screen. 

9. Use audio warning signals with panel warning signals. 

10. Place monitor in position close to subject with careful evaluation of the 
tradeoff factors involved. 

11. Provide foot and hand holds for monitor in centrifuge. 

12. Make provisions for resuscitation kit. 

13. Provide vomitus receptacle and minimize its possibility of occurence, 
especially in conjunction with unconsciousness. 

14. Provide for arm restraints to protect subject if periods of unconscious- 
ness occur. 

15. Group functions on main control board. 

16. Avoid mixing biomed and engineering data. 

17. Use clear identification of function and readout data on control panels. 

18. Provide communication for the monitor while in the centrifuge chamber. 

19. Provide communication malfunction indicator. 

20. Place position controls on centrifuge and eliminate automatic positioning 
controls as much as possible. 

21. Provide abort control for both subject and monitor. 

22. Limit X-axis requirement to 9-g (re-entry) Z and Y loading should not ex- 
ceed 3-g. Preferential deceleration after greyout is in the Z-axis direction. 

23. Quick release restraint system should be provided for both subject and 
monitor. 

24. Complete check list should be followed for each run. 

25. All systems must be grounded to eliminate hazard from shock. 
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Economic Analysis 


A program cost estimate was made for the Centrifuge Experiment, 
with detailed breakdowns for the two phases of the program covering the 
ground test unit and the flight unit. A summary of the program cost esti- 
mate is presented in Table 50. The principal emphasis in this cost analysis 
is in the areas where the most detailed design definition was available, 
principally the centrifuge itself. The flight centrifuge module shell housing 
and LM lab integration details were treated only in a cursory manner. 

Approach - Costs were estimated for the program in two distinct 
phases, a ground test unit program and a flight unit program. The flight 
unit program includes both a flight article and a qualification test article. 

In addition, a breakout for the unit hardware cost of the flight configuration 
unit was made and total program funding requirements by calendar year 
were also developed. 

The cost estimate presented herein includes all research, develop- 
ment, design, analysis, test, and all development hardware and facilities 
necessary for a ground unit centrifuge facility and a flight unit program con- 
sisting of a single flight unit and one qualification unit. Also included are 
costs for special test equipment and centrifuge support equipment. 

The cost estimates were prepared on the basis of the program sched- 
ule presented in Figure 92. This schedule is nominally paced, but it includes 
a fairly short customer review period at the end of the present study with 
the ground unit program go-ahead assumed in mid 1968. The go-ahead for 
the flight unit program is assumed to follow immediately the completion of 
the ground unit program. 

The system and subsystem design and development requirements for 
both the ground unit and flight unit programs were analyzed to determine 
general task requirements at the major subsystem level. Manpower re- 
quirements were estimated for these tasks and for the over-all system inte- 
gration task. The development and test plan and a list of major components 
were analyzed to determine program hardware requirements. Costs were 
estimated for purchased items based on vendor and subcontractor quotes 
(of a budgetary or planning nature) and known component costs (which were 
adjusted where necessary for this application). For manufactured items, 
material and labor costs for fabrication and subassembly, tooling, quality 
control, integration and assembly, and checkout were estimated. Factory 
overhead, material burden, and G&A overhead are included in the detail 
cost estimates. 

Spares were estimated as percentages of the total unit cost because of 
the lack of detailed definition in this area. In general, the allowances for 
spares should vary with the type of hardware under consideration. For this 
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study an allowance of 50% for electrical/electronic systems and 25% for 
mechanical systems were used. 

The major ground rules used in estimating the cost of this experiment 
program are listed below: 

1. The costs developed in this study represent total costs to the 
government for the Centrifuge system development and fabri- 
cation, with the exceptions noted below. These costs are ex- 
pressed in 1967 dollars, 

2. The costs cover the total development program including a 
ground test unit, qualification unit, one flight unit, spare hard- 
ware, and all associated test articles and specimens, facilities, 
and experiment support equipment (GSE). 

3. Cost estimates include the space structure and support hard- 
ware and experiment system integration only. Costs for the 
launch vehicle, Apollo CSM/LM Lab, over -all launch support, 
over-all launch operations, over -all AAP payload integration, 
or subsequent flights for rendezvous and/or experiment re- 
furbishment are excluded. 

4. Other costs that were excluded in this analysis are: 

a. NASA in-house costs. 

b. Astronaut biomedical sensor instrumentation and other 
experimental instrumentation and special equipment used 
for the conduct of the biomedical tests, which are assumed 
GFE. 

c. Modification to the CSM/LM lab stability and control sys- 
tem, electrical power system, and environmental control 
and life support system. 

5. Present manufacturing and test facilities are assumed adequate 
and available for the conduct of this program with the exception 
of the new facilities specified in the cost estimate, 

6. Fully developed, flight qualified hardware subsystem elements 
will be utilized wherever possible, 

7. The development program is assumed to be an austere program 
carried out at a nominally paced schedule with labor costs based 
on a single shift operation. 

8. The emphasis in this cost analysis was on the centrifuge mecha- 
nism itself. Less detailed investigation was made of the LM 
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interface structure, the module can, and other Apollo CSM/LM systems. 

Results - The ground test unit consists of a manned centrifuge together 
with an air bearing support structure, an associated control system, and a 
facility to house these equipments. The ground unit program costs are 
shown in Table 5 1 . 

The ground test unit is functionally similar to the flight unit using the 
same materials, design configuration, and equipment wherever possible. 
Therefore, this ground unit is not a simple test rig but must be similar in 
function and operation to the flight unit in dynamic operation. This require- 
ment implies near flight weight mass duplication. This unit serves as a 
prototype feasibility demonstration article and later as a unit for biomedical 
research and possibly for astronaut training during the flight unit program. 
(The cost of the follow-on physiological test program is not included in this 
estimate). Much of the development of components to near-flight configura- 
tion must be accomplished in this phase of the program. The principal dif- 
ference between the ground test unit and the flight unit is that the various 
subsystem and components for the ground test unit will not be space flight 
qualified (thus avoiding the associated test program and stringent quality 
control and reliability requirements). 

Test operations include all testing activities including components 
testing, subsystem testing, and centrifuge system tests through the feasi- 
bility or prototype demonstration prior to the initiation of the physiological 
test program. Approximately one ship-set of hardware is included to cover 
the component test hardware required for development of the near flight 
configuration components. 

Special test equipment includes the airbearing support structure for 
the centrifuge and the associated instrumentation and recording equipment 
necessary for operation of the centrifuge as a test bed and later as a bio- 
medical research tool. 

The tooling for the ground test unit is less sophisticated (and less 
expensive) than that required for the flight unit because of lower tolerance 
requirements. 

It is presently estimated that the only new facilities required will be 
those required to support the ground test unit. It is assumed that this unit 
will be housed inside an existing building. The facility includes concrete 
pads for the centrifuge air bearing assembly, the centrifuge room and con- 
trol booth, and utilities. 

A breakdown of the flight unit program cost estimate is shown in 
Table 52. The flight unit program includes a qualification test unit, a 
flight unit, a centrifuge support for qualification testing, a module shell 
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mockup for swimming pool zero g testing, and software associated with the 
flight test. In general, the flight unit will be similar to the ground test unit, 
but it will be flight weight and qualified for manned spaceflight. 

The basic structures for both the centrifuge and the module shell and 
centrifuge support are assumed to be conventional airframe construction 
and materials (aluminum and steel). The majority of the drive and control 
components are expected to be procured rather than fabricated. Estimates 
were not made for modifications to the stability and control, electrical 
power, or environmental control/life support system modifications required 
for integration with the Apollo CSM or LM Lab. For the stability and con- 
trol system costs, allowances were made for two 2000 ft. - lb. control mo- 
ment gyros and their associated controls. These gyros are used to counter- 
act spacecraft distrubances caused by centrifuge operation. 

The electrical power system includes the batteries, battery charger, 
and power conditioning components necessary for operation of the centrifuge. 
Also included are 100 square feet of solar cell panels to be used to recharge 
the centrifuge batteries. It is further assumed that there are no unusual 
requirements attendant to the installation and integration of these panels 
into the LM Lab /Centrifuge system. 

The communications, TV, and data systems are in general off-the- 
shelf, space qualified components. Should further definition indicate that 
new and special components are required, additional costs would be incurred. 

The environmental control and life support equipment was assumed to 
consist of an atmosphere leakage makeup system, atmosphere circulation 
system, and a heat rejection circuit and radiator. 

The biomedical system cost includes the astronaut couch and restraint 
system and the biomedical display system at the centrifuge control consule 
in the LM Lab. 

The qualification unit is identical to the flight unit and is used for 
qualifying the centrifuge for flight. It appears that testing in a reduced- 
pressure environment will be required and it is assumed that facilities 
(e. g. large vacuum chamber) are available to carry out these tests -either 
at NASA or at other industry locations. It is further assumed that the qual- 
ification unit will be refurbished to flight configuration to serve as a backup 
unit. An allowance of 33% of the hardware cost was included for this task. 
The module /centrifuge mockup is a full scale representation of the physical 
dimensions of the module shell and centrifuge that is suitable for use in a 
swimming pool "Zero g" buoyancy environment for investigation of human 
factors. 

The tooling required for the qualification and flight units is more 
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expensive than the relatively "soft" tooling required for the ground test 
unit because of the more stringent tolerance and quality control require- 
ments. In addition, tooling for the module shell is also required. 

The ground support equipment includes both mechanical and electrical/ 
electronic equipment. The principal items of mechanical hardware include 
handling gear and shipping containers. The electrical/electronic equipment 
includes checkout equipment at the factory and the launch site. This estimate 
includes design, development, and hardware fabrication. 

The mission support category includes mission planning, training, 
launch operations, and flight analysis. The training cost covers indoctrina- 
tion of NASA personnel (including astronauts) in the technical and operational 
aspects of the centrifuge unit. Launch operations covers launch site prep- 
aration, installation of GSE, and launch activities that are directly associated 
with the centrifuge. The flight analysis includes data processing and analysis 
of the flight test. 

Table 53 presents another summary of program cost in terms of fiscal 
year funding requirements. 

Uncertainties - The cost estimates presented in this report are believed 
to be representative of the present definition of the centrifuge experiment 
program. It should be emphasized that the cost factors used in the study 
are sensitive to the design definition and its relationship to the current state- 
of-the-art. For example, some of the items in the areas of communications, 
telemetry, and environmental control are assumed to be essentially off-the- 
shelf equipment. If this proves not to be the case because of design require- 
ments, additional funding will obviously be required. Some centrifuge asso- 
ciated items such as the control moment gyros, solar cell panels, module 
shell, and GSE were not defined in detail. Therefore, an allowance was in- 
cluded for the cost of these items. Since they account for a large portion 
of the hardware cost, a more detailed analysis could cause significant 
changes to the total program cost. Further, unforseen development prob- 
lems in the areas of greatest risk -principally the area of special bearings 
and brushless DC motors -would also have detrimental effects on costs. 
Therefore, these estimates should be regarded as area estimates for plan- 
ning purposes. 

Conclusions 


1. Costs for the Centrifuge Experiment for Apollo Applications are 
estimated at about $12M for the total program, including vehicle 
support and facilities. 

2. The ground test unit program cost is estimated at $2. 9M. 
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3. The flight unit program cost is estimated at $9. 1M. 

4. The cost estimate for the centrifuge program is based on ex- 
tensive use of off-the-shelf equipment and components. Any 
departure from this approach is likely to have a significant im- 
pact on program costs. 

5. Only the centrifuge itself has been analyzed in detail; therefore, 
the other areas of program cost (which are important contribu- 
tors to total program cost) remain relatively uncertain at this 
time. 
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Table 50 


Centrifuge Program Cost Summary 
(Thousands of Dollars) 

Ground Unit Program 2, 942 

Program Management 120 

Engineering Design and Devel. 914 

Hardware 1, 350 

Tooling 90 

Test and Evaluation 405 

Special Test Equipment 53 

Facilities 10 

Flight Unit Program 9, 099 

Program Management and Documentation 497 

Engineering Design and Devel. 2, 038 

Hardware 4, 809 

Tooling 235 

Test and Evaluation 600 

GSE 160 

Mission Support 760 

Total Program 12, 041 
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Table 51 

Ground Unit Program Cost 
(Thousands of Dollars) 

Program Management 
Design Analysis 
Engineering Design 

Systems Engineering/Integration 
Centrifuge 

B iome dical / C ommunications 
Support Structure 


262 

315 

195 

30 


Test Operations 
Special Test Equipment 
Facilities 
Tooling 

Component Test Hardware 
Ground Test Unit Hardware 
Structure 
Drive & Control 
Electric Power 
Communications 
Biomedical 

Integration and Assembly 


100 

405 

45 

50 

45 

125 


120 

112 


802 

405 

53 

10 

90 

580 


770 


TOTAL 


2,942 



Table 52 

Flight Unit Program Cost 
(Thousands of Dollars) 


Program Management 
Documentation Data 
Design Analysis 
Engineering Design 

Systems Engineering/Integration 525 

Centrifuge 630 

Biomedical/Communications 390 

Module Shell/Support 269 


Test Operations 

Component Development & Qualification 300 

Qualification Unit Testing 300 


Production Support 
Tooling 

Planning 7 6 

Fabrication 107 

Material 10 

Sustaining 42 


Component Test Hardware 
Qualification Article Hardware 

Fabrication 1, 160 

Refurbish to Backup 350 


Module Shell Mockup 
Flight Article Hardware 


Centrifuge 

Labor 

Material 

Structure 

150 

25 

Drive & Control 

215 

190 

Electric Power 

25 

70 

C ommunications 

50 

60 

Environmental Control/ LSS 

10 

80 

Biomedical 

30 

15 

Integration & Assembly 

175 

- 

Checkout 

65 

- 


720 

440 


Control Moment Gyros 
Solar Cell Panels 
Module Shell/Support 
Spares 


225 

272 

224 


1, 814 


600 

20 


235 

580 


1, 510 
40 


1 , 160 

560 

245 

244 

450 
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Table 52 (Continued) 


Ground Support Equipment 
Mission Support 

Mission Planning 
Training 

Launch Operations 
Flight Analysis 

TOTAL 


248 


VOL. 



/ 


a 

4-i 

S 


(M 

05 

rv 

<N 


05 

a* 

o 

** 

05 


o 

<N 


^ co 
Pm t> 

05 


05 

CO 

<N 


CO 

’-O 

<D 

r-H 

■rt 

Eh 


c 3 

i* 

a 

.2 f? 

* U 

bfl 

t (S 

1* 

s J? 

S § 

3 m 

1 1 

«£' 

bfl ^ 

a 

1 


. <N 
>H C> 

L <*> 


i* £ 

05 


>* S' 

f*H «V 


>h § 
PH 2 


<N 

3 


O 

o 


cq 


o 

ID 




o 

00 

CO 

co" 



VOL. I 


249 



Mass Properties 


Spacecraft mass properties. During the course of the study, 
estimates of the weight, center of gravity and inertial properties of the 
three selected in-orbit spacecraft configurations were made. These were 
the SRC/LiM/CSM, the CAC and the BOSS configurations previously identified 
and are illustrated by Figures 93, 94, and 95. These weight estimates were 
made in support of the dynamic and stability requirement studies and to allow 
evaluation of the feasibility of launching the orbital experiment with existing 
boosters. 

Centrifuge mass properties. The weight distribution determined 
for the rotating portion of the centrifuge is shown in Table 54. At the 
present stage in design, no attempt at weight reduction through the use of 
exotic materials or unusual fabrication practices has been made. The 
results of the mass properties analysis for the various experiment configur- 
ations are tabulated in Table 55. The center of gravity shown in the first 
column is that obtained after the counterbalance of 660 pounds has been 
moved in the Y-Z plane. The location of the counterbalance is shown in the 
last column. The counterbalance weight of 660 includes 80 pounds of batteries 
that are assumed to be movable with the counterweight of 588 pounds. For 
the Oculogravic illusion and Eye Counter Rolling experiments, position I 
refers to that position where the axis of the spine of the subject is in the 
direction of the Z axis. 

The reference axes used for the mass properties analysis 
summarized in Table 55 are as follows: 

X Axis - Spin axis with base of drive hub = 0 and 
positive direction is up from hub. 

Y Axis - Parallel to minor axis of centrifuge arm 
with 0 at spin axis and positive direction 
to right of subject when in grayout position. 

Z Axis - Parallel to major axis of centrifuge arm 
with 0 at spin axis and positive direction 
toward feet of subject when in grayout 
position. 
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Weight (lbs) 
37, 800 



+ X 


_ C. G._Jins. ) ^ 

X Y Z 

1019 0 3 


Moment of Inertia (slug ft ) 

I I I 

xx yy zz 

24,200 170, 000 168,500 


Figure 93. CSM/LM/SRC Configuration. 


VOL. I 


251 





AIRLOCK 



VOL. I 


Table 54 . Centrifuge Weights (Rotating Portion) 


Translation Arm/ Pivot and Roll Frame 


484 

Structure 


194 


Upper beam 

72 



Lower beam 

72 



Center section 

50 



Power and Communication 


150 


End fittings 


40 


Pivot and roll frame 


60 


Pivot and roll drive 


40 


Support Frame 



400 

Structure 


250 


Batteries 


80 


Translation and Counterbalance Drive 

70 


Translation screw 

20 



Counterbalance screw 

20 



Motor, gears and control 

20 



Bearings, etc. 

10 



Drive Hub 



42 

Structure 


17 


Bearings 


7 


Drive Gear 


8 


Capacitors 


10 


Counterweight 



580 

Couch System 



167 

Structure 


54 


Cushioning, harnesses, etc. 


23 


Power and distribution 


20 


Inst. /comm. , etc. 


20 


Waste collection 


50 


Man and Gear 



200 

Contingency 



100 

Total 



1973 

Does not include counter momentum 

system 

or balance system other than 

gross counterweight allocation. 






Table 55. Rotating Portion of Centrifuge Mass Properties Summary 
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Weight feasibility summary . A breakdown of major system and 
component weights for the Apollo/ LM/SRC, CAC, and EOSS applications of 
the centrifuge is shown in Table 56. In all installations, the basic centrifuge 
weight remains the same and is represented by the 3158 lbs. chargeable to 
the centrifuge experiment in the EOSS configuration. For the Apollo/ LM/SRC, 
the total payload weight requires boost capability of an uprated Saturn IB 
(strap-on solids) or the mission may be flown with two standard Saturn IB 
launches - one for the CSM and a second for the LM/ SRC. Alternatively, 
the configuration could be launched as a portion of a Saturn V payload. The 
cluster associated LM/SRC launch is well within the capability of a Saturn IB 
booster. 


Table 5 6. Weight Feasibility 



Apollo -LM/ 
SRC Module 

Cluster 

LM/SRC 

EOSS 

CSM 

23, 900 



SLA-LM Ascent Stage-separation Sys. 

5,900 

5,900 


Nose Fairing Penalty 


337 


De-Orbit Propellant 

1,300 



Mission Life Support 

3,450 



Centrifuge ECS & Subsystem Interface 

880 

880 


Vehicle Stabilization Propellant 

1, 879 

500 


Centrifuge Module 

1, 952 

1, 952 


Experiment Sys. & Expendables 

200 

200 

200 

CMG (Countermomentum) 

400 

400 

400 

Centrifuge Couch 

167 

167 

167 

Translation Arm/ Pivot & Roll Frame 

484 

484 

484 

Support Frame-Drive Hub-CW 

1, 022 

1, 022 

1, 022 

Rotational Drive System 

115 

115 

115 

Power Distribution 

420 

420 

420 

Communications & Illumination 

40 

40 

40 

Noise & Vibration Damping 

110 

110 

110 

Contingency 

500 

__£Gjo 

200 

TOTAL 

42, 719 

12, 972 

t 

3,158 
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Power Requirements 


Evaluation of the power requirements of the centrifuge was made on an individual 
experiment basis to determine if any prohibitive demands or unusual technological 
approach would be necessary. No problems were encountered either in power demand 
or in equipment requirement. A listing of the main power requirements is as follows: 

Medical instrumentation 

300 watts 

Mechanical drive control and 
instrumentation 

300 watts 

ECS, lights, fans, and control 

200 watts 

Attitude control and miscellaneous 

50 watts 

Mechanical drive 

Fractional hp translation drive 
Main drive maximum 

200 watts 
4500 watts 


One hundred watts of the medical instrumentation and the 200 watts for the frac- 
tional hp motors must be driven by batteries located on the centrifuge arm. The 
remaining instrumentation wattage (200 + 300) will be generated at the control panel. 
The electrical designers feel that the equipment need only be on for 15 minutes prior 
to the experiments for warmup and checkout. However, the actual times will be 
evolved from experiment time studies. The current main drive motor is ac with an 
inverter -converter controller requiring a 28 volt dc battery. The controller effi- 
ciencies are quoted at 80% at maximum rating and 60% at lower power setting. D. C. 
power appears satisfactory for the centrifuge experiments. 

Pertinent power data for the proposed experiments are listed in Table 57. The 
power profile curves listed in Table 57 are shown on Figure 97. The effects of com- 
bining the sensitivity threshold experiment with the oculogravic illusion experiment 
can be noted by comparing the number of runs per day for those two experiments 
with the combined experiment of Table 57. By combing these two experiments into 
one, the total electrical energy required is reduced by 12 Kwh and the total experi- 
ments times from 418 hours to 389 hours. 

As noted on Table 57, the experiments requiring the most electrical energy is 
the semicircular canal experiment. The grey-out and re-entry simulation experi- 
ments require the maximum power. In addition to the electrical energy required for 
the experiments, coolant pumps must be operated between experiments to remove 
heat generated by the battery charging operations and to provide a chilled supply of 
coolant for the next experiment. 
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The power profile curves on Figure 97 point out the significant energy require- 
ment for the controls and instrumentation. The main drive energy requirement for 
each experiment is a small part of the total. Therefore, to minimize the electrical 
energy requirements, it is necessary to evaluate the electrical circuits for the control 
and instrumentation and to ascertain the astronauts time line for each experiment. 

A trade-off study was performed to determine the minimum combined weight of 
solar arrays and batteries which would satisfy the requirements of the experiment 
series. The results of this study are shown by Figure 96. With no power being con - 
tributed by solar arrays, the minimum battery weight becomes 464 lbs. This is 
dictated 'by the 2435 w. h. requirement of the semicircular canal experiment as shown 
by table 57. If all peak experiment power is supplied by solar arrays, the Grayout 
and Re-entry simulation experiments size, the array with their 5. 30 kw peak require- 
ment. (See Figure 97, Profile curves III and VI. ) Minimum combined weights are 
obtained with 100 ft^ of panel mounted arrays (sun oriented) producing 1060 watts and 
batteries weighing 220 lbs. Since experiment I requires more than two orbits, the 
solar array power generated during the two orbits can not provide electrical energy 
used on the centrifuge arm. Therefore the storage batteries, 70 lbs. , on the arm must 
provide the electrical energy for the entire experiment. 

A review was made of the experiment's current schedules, power required, the 
optimized solar array areas and battery sizes to determine the number of orbits re- 
quired for battery charging between experiments. For the worst case, experiment IV, 
one orbit was required to recharge the batteries. Hence, for the 38th, 39th, 40th, 
and 42nd days where there are 4 experiment IV's schedules along with various other 
experiments there is theoretically sufficient time for the experiments and battery 
recharging allowing one orbit between experiments for battery charging. 

Cooling Circuit - An elemental schematic of the coolant loop is shown on Figure 
98 to illustrate the basic concept for maintaining thermal balance in the centrifuge. It 
is assumed that the coolant will be water -glycol mixture and that the heat from the 
control panel will be removed in a cold plate heat exchanger. The heat from instru- 
mentation on the centrifuge arm and the astronauts along with part of the braking load 
will be dissipated into the cabin atmosphere to be removed by the cabin air heat ex- 
changer. Twenty -five pounds of chilled coolant will be available prior to each ex- 
periment to remove the initial surge of heat during the centrifuge braking cycle. 

The coolant pump, 30 watts, must remain in operation for one orbit after each 
experiment to remove heat generated by the braking operation, battery charging and 
to supply a tank of chilled coolant. The total electrical energy required for all of the 
experiments and the coolant power is 145 Kwh. If the sensitivity threshold and oculo- 
gravic illusion experiments are combined into one and conducted during only one run 
per day, (experiment VIIB of Table 57), the total energy requirements would be 132 
Kwh. 
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Table 57. Power Summary for Centrifuge Experiments 
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Life Support and Environmental Control 

The environmental control subsystem required to support the centrifuge ex- 
periment will vary with the configuration selected. The AAP philosophy proposed 
by NASA stipulates maximum utilization of Apollo hardware with minimum alteration 
of current systems. Determination of current ECS capabilities and available qualified 
equipment requires analysis of the possible centrifuge configurations and review of 
Apollo Command and Service Module and planned AAP Mission capabilities. 

a. CSM/ LM/SRC - The Apollo Command and Service Module (CSM), as adapted 
to the AAP, is capable of supporting a 45 day, 3 man mission. In on-orbit 
configuration with the Command Module (CM) docked to an integral Laboratory 
Module LM) and centrifuge, the CM will provide water, waste management, 
power, humidity and contaminant control, atmospheric and metabolic stores 
and food for the entire spacecraft. The CM has thermal control capabilities 
which support its own equipment only, during launch, orbit and entry. 

The LM, planned for AAP as a mated laboratory for experiment packages, 
has limited capability for environmental control. The LM-AAP radiator does 
provide adequate heat rejection for LM equipment, cabin temperature control 
and a pressure suit circuit at a 2-man level. It has no added capacity comen- 
surate with anticipated centrifuge loads, now estimated at about 4000 Btu/hr. 

Though the CM, under many conditions, has some added capacity for heat 
rejection, the flexibility required of the CM for launch, on-orbit and emergency 
orientations does not permit plumbing connections to the LM or centrifuge. 

This obviates the possibility of heat load transfer from the LM and centrifuge 
except by atmospheric transfer. Limited atmospheric transfer feasible does 
permit humidity and contaminant control, with some inherent sensible cooling 
but the LM/SRC must reject a majority of its own heat load. 

The LM/SRC has two feasible means of heat rejection available in this 
configuration. First the LM fluid heat transfer circuit can be expanded into 
the mated centrifuge to provide one circuit of sufficient capacity to collect 
all loads. Heat can be rejected by a new radiator , of full LM/SRC capacity or 
the planned LM radiator plus evaporative water cooling utilizing excess fuel cell 
water plus stored expendables. Secondly, the centrifuge alone may be provided 
its own independent heat rejection circuit. Again a radiator or evaporative 
coolant would serve as a heat rejector. 
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b. CAC (Apollo Mission C Cluster Configuration) - Ibis cluster design is planned 
by NASA specifically toward LM-mated experiment module docking. Atmo- 
spheric control and food, water and waste management are handled within the 
basic cluster (see Figure 99). Thermal control is the responsibility of each 
module. The cluster with CSM, has a capability for a one-year mission with 
90-day resupply. The LM/ Centrifuge environmental control requirements do 
not change from those indicated for the other configurations. The means of 
heat rejection are limited by three factors. These are: 1) potential radiator 
shadowing (reducing capacity when docked), 2) the cluster power is produced 
by solar arrays which provide no excess evaporative coolant, and 3) there will 
be a prohibition against evaporative cooling when the Mission C cluster includes 
the Apollo Telescope Mount (ATM) experiment which has stringent requirements 
for an optical environment. 

c. EOSS Configuration . This configuration offers the advantages of long 
mission capability and considerable volume for the storage of expendables 
and experiment equipment. This large volume, in addition to having existing 
life support, temperature control capability and crew quarters, should have 
sufficient, appropriately located external surfaces to accommodate additional 
space radiators. 

Equipment Availability - Based on the ECS requirements for the LM/SRC, and 
capabilities of the CSM, EOSS, and Mission C cluster, Table 58 has been formulated 
It contains a list of major equipment which could be applicable to meeting environ- 
mental control requirements. This equipment could be incorporated into current 
systems and/or utilized to fabricate new thermal control circuits. All are or should 
be qualified, under current plans, by the 1971-73 time period. 

All components listed are, where possible, described in terms of AAP identi- 
fication number, capacity, power requirements, weight, size, volume and other 
pertinent comment. Included are Gemini, Apollo, LEM and AAP qualified equipment. 
In addition to major components tabulated, a large number of valves, controls, regu- 
lators, fittings and other equipment are or will be production articles by 1971. 

The heat load data accumulated thus far and the qualified equipment catalogued 
will be used as feasible centrifuge designs emerge and ECS requirements lend 
themselves to preliminary ECS design. At this phase in the study no new develop- 
ment articles are anticipated to fulfill environmental control and life support systems 
requirements. 
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Table 58. Available System Components 


i 

3 


s 

u 


£ 

00 
co 

1 

2 

1 

3* 

'O 


5 


x ft 

® to 

ts <§> 

■s 

U Xi 

a> 

§ £ 

■f 2 


O 


a 

J3 


>> 

o 


c 

3 


" ffl 
&2 
S J 


b -tf ® 

■S Si 

oo S ^ 
in W ^ 


I 

1 

3 

Jr 

3 


@ 


« ® ® a 
S££ I » 

•tf -a v js 

ns I | 

s e s i h 


3 3 3 
a a a 


z £ 


t rt 

« ^ ci 
% c jg 


W 


U H 


ft PQ 

||u 


2 3 

gg 


CM OO 
Ci 


jQ 

tflN 


t> O <N 
CO © t> 
<N CO 


* B 

W ^ 
§ H 


t 

■s .S. M 


CQ CQ 


.3 3 


3 

n 


x . 
o 3 

I “ > ^ 

£ m co ■£ rn -£ 

•*" -*-> ■*-> r-l HH 


^ © O O 


CM Ol to 


3 3 2 
0 0)0) 
CO CO CO 
3 3 3 


to o co 
to O <M 
CO <M 1-H 


3 

ffl 


3 3 


as 

a. 


8- w 8 

< -3 < 


s | a 
w S. w 
J j 


a a 

< < 


w 


3 .3 3 

a I a 

«: o < 


■s 


a 

w 

tJ 


a a < 

< < < 


ft ft ft 
< < < 
< < < 


u 

o 

s 


B « 


&| 

§ x 

■s I 

x ■i 

« 1 

u .J 


- i 

M ® 


3 as 



bO 

a 


3 


o u 

Q 3 


-*J -M 

3 3 o 

tj o 


Ilf 


g £ 


I 


3 bo 


ft 

3 


8 > 

& 

o 


TJ u ^ 

•*3 « =3 


I 

5 


s a 


■a - ft 
fl s * 

e a 8 , 

0 g 013 
bO bo g 

1 feg 

o o z 


cfl 

1 

0 

1 


VOL. I 


267 



RADIATOR (APPS A) 



268 


VOL. I 


Figure 99. Environmental Control System - AAP Mission C Concept 








Technology Feasibility 


The technology required for the development of the centrifuge has been reviewed 
to determine if any departure from existing state-of-the-art may be expected. While 
no technological barriers to centrifuge development have been uncovered, two areas 
where advanced development is required have been identified. These areas involve 
bearing design and motor development. 

Bearing Design - Centrifuge bearing requirements have been identified as the 
most significant design areas where development or technology improvement is 
required. While development work in new bearing concepts applicable to the centri- 
fuge is being pursued by many major bearing suppliers, performance to centrifuge 
requirements has not been demonstrated. This is the result of the unusual charac- 
teristics desired, which include low weight, dry operation, zero noise (couch roll 
bearings), moderate life, light load capability, and low contaminant generation. A 
bearing development program is recommended which consists of evaluation of the 
selected primary approaches to determine which is most suitable. Suggested initial 
approaches include the application of hollow steel balls on an aluminum race; alu- 
minum oxide balls operating on an anodized aluminum race with a teflon retainer; 
and teflon or teflon coated roller operating against an aluminum race. If the pri- 
mary configurations are found to be unacceptable, more conventional backup approaches 
may be introduced at the expense of greater mechanical complexity, but with good 
expectation of success because of their greater background of applications technology. 
Bearings in this category include conventional bearings with sealed dry lubricant 
incorporated; gas bearings; or conventional grease-lubricated bearings with special 
sealing provisions. 

Motor Development - Analysis of the centrifuge motion requirements shows 
that three characteristic motor performance patterns are involved: (1) the couch 
roll motion requires a low-speed, low-power motor with a large speed control range 
and proportional operation; (2) arm translation, couch pivot and counterweight drives 
are characterized by low power, quick response, on-off operation; and (3) the main 
drive requires relatively high power levels and wide-range, proportional speed con- 
trol. In all cases, spark-free (brushless), lightweight, highly reliable units are 
desired. 

For the couch roll application, requirements appear to be met by units similar 
to the Sperry Farragut, fractional-hp, brushless d-c motor presently qualified for 
use on the LM. Only minor alterations, such as mounting provisions, would be neces- 
sary. The main drive with its 3 to 4-hp peak power requirement is beyond the present 
scaling capability of the brushless d-c approach. For this application, an a-c motor 
used with an inverter and a voltage/frequency control is recommended. Technology 
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and background for this equipment exists from development of drive units for under- 
water research vessels such as "Deep Quest. " Development requirements for the 
centrifuge application are seen as repackaging and redesign for low weight and high 
reliability. For the arm translation, couch pivot and counterweight system, either 
the brushless d-c or the inverted a-c approach is feasible. 
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APPENDIX A 

DERIVATION OF EQUATIONS OF MOTION FOR APOLLO CSM 
WITH ONBOARD CENTRIFUGE AND BALANCER 


Coordinate Definition 


Figure A1 defines parameters pertinent to the centrifuge installation on the Apollo 
vehicle. 

m 5 ' 



Figure Al. Centrifuge, balancer installation coordinate definitions. 

The three bodies comprise the centrifuge, the balancer (if needed) and the 
Apollo vehicle. Axes, 1, 2 and 3 (super 4) are aligned to convenient Apollo reference 
axes, not necessarily the principal axes, but centered at the system center of mass 
(SMC). 

The vector quantities S^, Sc, Sb are the distances from the SMC to the Apollo, 
Centrifuge ^Balancer bodies center of mass (CM) respectively. Note that these dis- 
tances from the SMC to the particular body CM are considered fixed in Apollo body 
coordinates because it has been assumed (for present purposes) that the Balancer, 
Centrifuge CM’s are exactly on the centrifuge rotation axis. 
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The angle a is the rotation angle, about the Apollo pitch axis, between the 
centrifuge spin (major principal axis) and the Apollo roll axis. The centrifuge spin 
angle is yQ whereas the balancer counterspin angle is y&. Frame super 5 is centered 
at the centrifuge CM and aligned with the centrifuge principal axes. The angles yQ 
and yB are defined relative to the Apollo vehicle and are generated by the centrifuge 
motor. 

Figure A2 defines the attitude perturbation of the 3 body system from a desired 
attitude. 



Figure A2. Vehicle angular perturbation model coordinate definition. 


Axes 1, 2 and 3 (super 3) are defined to be the desired orientation of the Apollo 

body fixed reference axes (super 4 system). The deviation from the desired reference 

is expressed in terms of the Euler Angles 0 (yaw), 8 (pitch), and 0 (roll). The angular 

rate of the Apollo body relative to the super 3 frame is given by either the Euler angle 
* • • 

rates 0,8, and 0 or the same total rate in terms of Apollo body fixed angular rate 
components p (roll), q (pitch) and r (yaw) rates. These angles deviate a small amount 
from zero as controlled by the Apollo autopilot. 

Figure A3 defines an inert frame (super 1) centered at the earth center. The 
negative 3* axis is placed at the orbit perigee and the 2-*- opposite to the orbit angular 
rate vector as shown. 
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Figure A3. Orbit definition. 


Figure A3 also illustrates an "orbit" reference frame (super 2) centered at the space- 
craft SMC (a distance r Q from the center of the earth). As shown the 3 2 direction is 
down along local vertical and the 2 2 is opposite to the orbit normal. If the super 2 
frame was the desired attitude of the Apollo vehicle then the Apollo desired roll axis 
would be directed along the flight vector (for a circular orbit). 

It is assumed that an attitude referenced to the earth is desired for the Centrifuge 
experiment. The desired attitude is specified by two angles E and H referenced to 
the "orbit" or super 2 frame. Figure A4 defines these angles. 



Figure A4. Earth referenced attitude selection 
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The super 3 frame is the desired frame of reference first introduced in Figure 


A2. 


Under the assumptions that the desired attitude is earth oriented and also that a 
low altitude (say about 200 to 500 n.mi.) nearly circular orbit is acceptable, the 
desired attitude frame is rotating with respect to inertia in a manner directly related 
to the orbit angular rate. Use 0013 for this rate. It is evaluated later. 

Coordinates are now sufficiently defined to allow calculation of the system 
angular momentum and its time derivative relative to the SMC . When equated to 
the sum of the torque from the Apollo autopilot and the orbit environment, angular 
motion equations result. 


Derivation of System Momentum 

H=H. + H+H_ ( 1 ) 

T A B C 

where Hrj. isrthe ^system angular momentum calculated relative to the SMC 

Ha, H B , He are the Apollo, Balancer and Centrifuge angular momenta 
calculated relative to the SMC . 

With torques and momentum calculated relative to the SMC 

?-W*T (2> 

where T is the total external torque acting on the system calculated 
relative to the SMC. 

Tq is the Apollo attitude control thrusters torque calculated 
relative to the SMC . 

Tj; is the environmental torque (e.g. , gravity torque) acting 
on the system calculated relative to the SMC . 


The analysis, as constructed to this point does not consider body bending, fuel 
slosh or centrifuge dynamic or static unbalance. These effects are important but 
can be considered separately. In this derivation the bodies are considered rigid. 

The torques acting on the system, identified in Eq. 2, are developed later. 

For now consider the calculation of the angular momentum and its total time deriva- 
tive. For a body with CM offset from the SMC, the momentum relative to the SMC is, 

H = S’ X MS + H q (3) 
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where H is the angular momentum vector calculated relative to the SMC 
S is the vector distance from the SMC to the body MC 
M is the body mass 

Hq is the body angular momentum vector calculated with respect 
to the body MC . 

For the three bodies, the momentums 


H a = SXM a S +H 
A A A A AG 


h b- s b xm bV h bg 

VV m c V h cg 


(4) 


where the subscript A refers to the Apollo body, the subscript B refers to the 
balancer, the subscript C refers to the centrifuge. 


The S X M is the additional amount due to non-coincident body MC and 
SMC. Consider the calculation of that term. 


AH S S A X M S + S X M S + S X M S 
A A A B BBC CC 


(5) 


Note that the vectors S A , S B and S c are fixed to the Apollo body. Their derivatives 
are then, 


s = w A xs A , s„ = w A xs n , s = w A xs n 

AAA’ BA B’ C A C 


( 6 ) 


where W A is the angular rate of the Apollo body relative to the inert reference. 


The total additional amount of momentum is then 


AH = S a XM a (W a XS a ) = M a 
A A A A A 


S A W A"< W A S A )S A.I + 


+ s b xm b (W a xs b ) m bIS w a^a'V s b] + 


(7) 


+ S C X M C (W A X S C> M CI S C W A " (W A * S C ) S B 
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The vector identity 


A X (B X C) = (A • C) B - (A • B) C 

was used to generate the rightmost term of Eq. 7. Expand one of the rightmost 
terms of Eq, 7 using the Apollo body fixed reference frame (frame 4). The result is 


M S W - ( W • S) S 



rwi 



i 


Mel 

W 2 

- <*! S 1 + W 2 S 2 + W 3®3> 


- W 3. 

m 


( 8 ) 


= M 


2 2 
S„ + s 0 
2 3 


- S 1 S 2 


-S s 

.1 2 

2 2 
S l + S 3 


-ss 

2 3 


-s s 

1 3 


- S 2 S 3 

s 2 + s 2 

1 2 


W. 


W. 


w„ 


( 9 ) 


-s s 
. 1 3 

A 1 ] [wj 

Compare the result given in Eq. 9 with the inertia matrix of the Apollo vehicle 
with the inertias calculated relative to the Apollo MC . 


( 10 ) 




AG = 


X A11 

_I A12 

-I A13 

1 A12 

^A22 

_I A23 

T A13 

_I A23 

X A33 


(U) 


where [l AG | is the inertia matrix of the Apollo body calculated about the Apollo body 


CM. 


It is evident from comparisons of Eqs. 9 and 11 that 


h aI + 


m 


‘aO * TaT 


w, 


( 12 ) 
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where |Al A ] , [Alg] , [Ale] are the additional contributions to the basic Apollo 
vehicle inertia matrix due to offset of the body CM from the SMC . 

[w A ] is the Apollo body fixed angular rate components with respect to an 
inert reference. 


To summarize, Eq. 12 says that the effective rotational inertias of the Apollo 
vehicle can be considered to be that calculated considering the centrifuge and balancer 
bodies as point masses located at the body CM. Define this inertia matrix as 


AE 


AG 


= [l 1+ AI. + MJ+ AI 


B 


The total momentum, given previously in Eq. 1 can be rewritten using the 
effective inertia of Eq. 13 as follows: 


(13) 


[ H T]i I AE)[ W A] + [ I Bl[ W BH I c]| W c] < 14 > 

where [ J b] » M are the moments of inertia matrices of the balancer and centrifuge 
respectively calculated about the body CM; W A , Wg, Wq are the angular rates of 
the Apollo, balancer, centrifuge in body axis components relative to the inert frame. 


It is desired to calculate the matrix (H-p) in Apollo fixed axes to generate the 
desired solutions for (W A ) and the resultant deviation angles 0, 0, and 0 . Notation 
indicating reference frame and transformation matrices is needed at this point. The 
notation used is as follows: 



is the i component in frame k of the angular rate of frame j relative 
to frame i. 

is the transformation matrix which when used to premultiply a vector 
in frame i gives the same vector in frame j . 

is the i component of vector H in frame j. 


Using the above notation 



I 

-I 

AE11 

AE12 

-I 

I 

AE12 

AE22 

-I 

-I 

AE13 

AE23 


-I 


4 

AE13 


< W A>1 

_I AE23 


4 


<»A»* 

J AE33_ 


_ (W A>3_ 


(15) 
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directly gives the contribution of the Apollo vehicle and centrifuge plus balancer body 
point masses to the system momentum with components calculated in the Apollo 
reference frame (frame 4). 

To obtain the momentums of the balancer and centrifuge in the desired same 
frame the required steps are indicated below for the centrifuge body. The balancer 
body contribution is identical in form. 



The transform from the 4 to the 5 frame is indicated by <245 and the transpose 
(in this case also the inverse because 045 is an orthogonal matrix) is indicated by 



This transform is 



AS 
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The angle a is constant but y^ changes at centrifuge spin rate. Temporarily it 
is desired to keep the two matrices separate in rewriting Eq. 19 as given below. 


(H 


4 

CG*i 







(21) 


A 4 

Note that (W^)j is the body axis rotation rates of the Apollo vehicle and (W 45 ) i is the 

centrifuge spin rate in the Apollo vehicle frame. The first is what it is intended to 

calculate, the second is prescribed by centrifuge experiment requirements. The 

matrix combination |y^]^ |lc| jy^j is time variable and it is desired to evaluate 

same to determine permissible simplifications. 


T 




i C i 
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0 
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<■03 + W /2 

-(I - I ) S2y /2 

' C3 C2' ' C 


~ a C3 - W 02 V 2 




<*03 * W /2 + 

0 

- a cs - W S2y c /2 

ffcs - W S2 >c /2 


is the spin moment of inertia of the centrifuge. Iq£ and Igg are the lateral 
unequal inertias. Note that if the lateral inertias were equal the matrix would be 
constant magnitude immediately introducing considerable simplification. As it is, 
a momentum change at twice centrifuge spin frequency is introduced but further work 
will show that the variable portion of the matrix may be neglected. Indeed if it were 
not negligible it would cause vibrations at twice spin frequency of the same nature as 
that due to centrifuge static and dynamic unbalance (except that these cause vibration 
at spin frequency) and would require that the centrifuge be built with lateral symmetry. 


To show that the variable portion of the matrix may be neglected first separate 
the variable and constant portions of the matrix of Eq. 22 as follows. 

wmi * Cci ♦ cd 
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-S 2 7 c 
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- S2y c 

4C27 c _ 
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Now consider the contribution of the variable portion of the matrix of Eq. 
23 to the momentum of the centrifuge given in Eq. 21. 


(H CD > il S | a f[ I clHK>i + < W 4 4 5>il 


( 24 ) 


Multiplying out |aj T [i"] [a] [(W^).] , 


where from Figure 1, 


< W 45>il " 


y c ca 


-y c sa 


(25) 


yields 0. Eq. 24 reduces to 


(H 


4 

ClA 



(26) 


The variable momentum of Eq. 26 is not zero but turns out to be a small 
quantity because the angular rate (small) of the Apollo vehicle is involved rather 
than the angular rate of the centrifuge (large). A good estimate of the magnitude of 
this torque is obtained by expanding Eq, 26 and using reasonable numerical values 
of unbalance inertia and Apollo angular rate. The below matrix multiplication 
accomplishes the expansion of the coefficient of the Apollo angular rate term. 


a. 


T II 

r „"i f 1 C3-C2 

[i c][t— r~ 


S 2 aC2 v 


-S2y Sa 

V 




_ S2a_ ri 

SaS2 r c — ^~ C2y c 


-C2y -S2y Ca 

c c 


•CaS2y C2y C a 


(27) 


Realizing that the momentum time derivative gives the torque exchange between the 
centrifuge and the Apollo body and that this torque is at twice spin frequency a maxi- 
mum value of variable momentum from Eq. 27 is 

nu - T W A sln 2y c 

A10 


(28) 
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where is the unbalance momentum 

W is the Appollo angular rate 

is the unbalance in centrifuge transverse inertia 
(equal to I cg - I Q2 ) 

The maximum value of the unbalance torque is obtained by differentiating 
Eq. 28. 

T = H -I y W. (29) 

U U VC A ' ' 

where T is the unbalance torque. 

Reasonable values for the pertinent parameters are 

2 

1^ = 700 lb*ft-sec 

y = 60 RPM or 6.28 rad/sec 

V 

W = . 2 deg/sec (Apollo DAP max rate line) 

= 0.0035 rad/sec 

T = (700) (6.28) (.0035) = 15.4 ft-lbs. 



So a good current estimate of imbalance torque under conservative assumptions is 
± 15 ft-lbs of torque oscillating about zero at twice spin frequency. Assuming that 
the torque appears in Apollo pitch the resultant peak acceleration, rate and displace- 
ment is 

T 

W = = (15 X 57.3) / 220,000 = .39 X 10" 2 deg/sec 2 

P 



W 

U _ .39 X 10 
2 y n 2 X 6.28 




w 

U = .39 X 10 
2 y 2 X 6.28 

V 


.25 X 10 


deg 


At these low levels of motion, even if twice spin frequency corresponded to a body 
mode with 2 order of magnification resulting, the motion and g-loads would still 
be negligible. It is concluded tha|the variable portion of the momentum matrix 
of Eq. 23 is negligible and |(Hqq )J of Eq. 21 rewritten as follows: 
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( 30 ) 


Kg'iI = 

H T [ I c|( a )K>i +(W 45»il 

“] T l i c]HK , i] + H T [ I oj 

• 

ry 

C 

0 



0_ 


The corresponding term for the balancer is 






C 


where 



L 0 


^B2 + 


^B2 + I B3> /2 


(31) 


(32) 


are the balancer principal moments of inertia and Kg is the ratio of balancer 
counter rotational speed to centrifuge speed. 


The intent of the development between Eq. 21 to this point was to show that the 
unequal lateral inertias is not a design constraint for the centrifuge and also to ex- 
clude it from the equations because of the resultant simplification. Now returning 
to the calculation of momentum, Eqs. 15, 30 and 31 are used in the total momentum 
Eq. 14 to yield. 


(H_ ). 
l v T'i 
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+ a 


U + I. 
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wS. 

A l 


+ 


a 


ff ci K bV 7 c 
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The matrix addition multiplying the Apollo body fixed angular rates is constant. 


Define 


, 



1 T 

r / 1 

/ 1 
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(34) 


•V'cx-Vbi 


Now rewrite Eq. 33 using these definitions 
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L- J N V C S “ 


(35) 


The momentum is considered to be reduced to its simplest form in Eq. 35 so we 
can proceed to take the total derivative to equate to the total torque. We no longer 
need the cumbersome but explicit notation in regard to coordinate frame because 
from now on, all computations are in the Apollo fixed frame. The subscript T is 
dropped from the momentum and the subscript A from the Apollo angular rate and 

the total effective inertia J , 

_ A j 


T. = 

l 


W. + 

l 


J v Ca 
N C 


- J N V C S “ 


+ W. X H. 
1 1 


(36) 


To solve for W. multiply by 


r J r 1 . 


r J v Ca 
i N ” c 
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, - J V S OL 

*- N C 


(37) 


In the discussion of coordinates the angular rate of the desired attitude 
reference frame (frame 3) with respect to inertia was identified as W 13 . The 
value of W ^3 components in the Apollo reference axes is needed. This is simply 
the orbit angular rate projected in the Apollo reference frame. For low eccentri- 
city orbits 
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( 38 ) 


9 n + 2 * s(2 *#-> 

o o 

where 0,. T is the orbit anomaly angle counted from perigee 
N 

t is the time 

T is the orbit period 
o 

e is orbit eccentricity 
For reference 




2 , 

s eV r 


3 ‘ 
AV. 


1/2 


r av =1/2(r p +r a> + r e 
C = (R A' R I> )/(R A + R P +2 V 


where g^, is the earth surface gravitational constant (32.17 ft/sec ) 

R is earth radius (3443 n. mi.) 

E 

Rp is orbit perigee altitude 
R is orbit apogee altitude 

A 


Then the orbit angle rate and acceleration is 


(39) 
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(40) 


2 

This angular rate and acceleration is directed along the negative 2 direction 
(See Figure A3). In frame 4, the Apollo frame 
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(W 13*i [ a 34j[ a 23] 
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where 



CE* CH CE* SH -SE 
-SH CH 0 

SE-CH SE-SH CE 


and (for the assumed small angles of 0 , 0, and 0) 


r i 0 
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This requires that the 


time derivative of the matrix be calculated because, 
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(42) 


This matrix time derivative depends upon 0 , 0, and 0 or p, q, and r which are 
two ways of expressing the angular rate of the Apollo vehicle relative to the selected 
attitude reference. It is elected to calculate jo^j from knowledge of p, q and r. 

The relationships giving the time derivative are 


d 24 (1, J)^qQ! 24 (J, 3) - r « 24 (J, 2) 

a 24 (2 ’ J) = T a 24 (J ’ 1} “ P tt 24 (J ’ 3) ’ J = 1 » 2 » 3 (43) 

a 24 (3, J) = pa 24 (J, 2)-qa 24 (J, 1) 


so the angular rate (and time derivative of its components) of the selected attitude 
reference frame with components given in the Apollo body fixed frame is calculated 
from Eqs. 41, 42 and 43. 

Returning to Eq. 37, it is rewritten below to directly calculate the time 
derivatives of p, q and r. 


* In a (I, J), I is row, J is column location 
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(44) 


Eq. 44, when integrated, gives the value of p, q and r respectively, the 
body fixed roll, pitch and yaw rate components of the Apollo vehicle. These rates 
give the value of the time derivative of the Euler angles 0 , 0, and 0 as follows 
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(45) 
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Eq. 42 expanded and then simplified to small angles of 0, 0 and 0 yields the 
familiar relations, 
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The rightmost expressions of Eq. 46 are integrated to yield the values of the 
roll, pitch and yaw deviation angles from the selected attitude reference. 

To complete the derivation of equations, there remains the calculation of the 
external torques on the Apollo, centrifuge, balancer bodies system. These torques 
as mentioned previously in Eq. 2 were subdivided into those from the environment 
(air drag, gravity, magnetic, etc.) and those from the Apollo service module auto- 
pilot. 


It is assumed that the experiment will be conducted at orbital altitudes of 
200 n. mi. and above where air drag will be negligible. It is then believed that 
gravity and magnetic torques will dominate, both typically in the same order of 
magnitude. The torque due to gravity was evaluated and considered to be the total 
external torque. The expression for gravity torque used below ignores the small 
additional contribution due to cross products of inertia. 


(T ). = 3g E R E 
g i 


Of 24 (2, 3) OL 24 (3, 3)[j (3, 3) - J (2, 2)] 

a 24 (3, 3)0! 24 (1, 3) [j (1, 1) - J (3, 3)] 

\_ a 24 (1 ’ 3)a 24 (2> 3) [ J < 2 ’ 2) - J 0" X >] 


(47) 


The remaining torque is due to the Apollo Service Module reaction jets which 
comprise four clusters of three 100 lb. engines firing in pairs to generate pure 
couples on the Apollo vehicle. Their separation distance being about 15 ft. yields 
a roll, pitch or yaw torque of ±1500 ft-lbs. of torque in response to on or off signals 
from the autopilot. 

A mathematical model of the autopilot, sufficiently accurate to represent an 
attitude hold function is required for the centrifuge experiment. This is the subject 
of the next and last section of this appendix. References 1 and 2 , identified in the 
below footnote, and a meeting with cognizant personnel of the Systems Analysis 
Branch, Guidance and Control Division of MSC (Manned Space Center), Houston, 
Texas were used in arriving at the model . 


1. MIT Instrumentation Laboratory Report E-1964, "Apollo Command & Service 
Module Reaction Control by the Digital Autopilot," R. Crisp, D. Keene, May 1966. 

2. MIT Instrumentation Laboratory Report R-547, "Guidance & Navigation System 
Operations Plan, Mission AS-278," October 1966, Vol. 1, Section 3. 
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Apollo Autopilot Math Model Formulation 

Figures A5 and A6 are directly taken from References 1 and 2. They illustrate the 
essential qualities of a single axis of control afforded by the DAP in the control mode 
of interest. That is, the attitude hold mode. All three control axes are identical so 
the single axis illustrations apply for all three axes of control. Figure A5 illustrates 
how the angular rate is derived from the attitude angle. In essence the attitude in- 
formation as derived from a sensor is differentiated with appropriate filtering to pre- 
vent passage of noise signals due to body bending. * The filter transfer function 
exhibits a natural frequency of 0.4 rad/sec at a damping factor of 0.8. This filter 
has a serious time delay in responding to the change in rate accompanying attitude 
engine firing. To recover this information, the vehicle angular acceleration during 
engine firing is calculated based upon the known control torque and estimated current 
value of moment of inertia. This estimated angular acceleration is integrated with 
respect to engine firing time to yield the estimated change in angular rate. In addition 
the estimate is fed back in a manner allowing the filter to correct the magnitude of 
the estimate. 

Herein it is assumed that the filter, augmented by the engine torque signal 
yields a sufficiently high dynamic bandpass such that no lag need be incorporated in 
the autopilot math model. 

• * ,• 

That is, the filter receives the quantity 0, 0, or 0 and yields 0, 0 and 0 . No 
significant inaccuracy of the results, as applied to the centrifuge, should result. 

The attitude and rate deviation signals from the desired reference are utilized 
in a manner illustrated by Figure A6. Ideally whenever the rate displacement combina- 
tion is outside the "WAIT" area of the phase plane, an engine firing of appropriate 
polarity is commanded. This engine firing is terminated when the rate-displacement 
combination crosses the desired line. In addition, once commanding the engines to 
fire, they are maintained on for a minimum period of 0.014 seconds (minimum im- 
pulse). Figure A6 includes numerical values defining the allowable rate and attitude 
deviations from the desired reference attitude. As indicated the rate limit is ±0.2 
deg/sec and the attitude limit is 0.5 or 5 degrees depending on pilot selection. 

Figure A7 is the actual phase plane used in this centrifuge study. It is the 
same as Figure A6 except that the desired rate-displacement line is slightly altered 
at the sloping portions. The reason for this is to incorporate the minimum impulse 


* According to Reference 1 , shaped to attenuate the maximum expected bending to 
less than 10 -5 rad/sec. 
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Estimated Vehicle 
h Accelerations 
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Figure A5. Filter Block Diagram. 








Attitude Rate (Deg. /Sec.) 

4 


Fire (-) 


0.2 



Fire (+) 

Figure A7. DAP Phase plane used in simulation study. 


corresponding to a 0.014 minimum engine on-time. The rate deviation at the 
altered portion of the desired line is 



where AW,, 
M 

T c 

I 


c (0.014) (57.3) 

. 

is the rate deviation (deg/sec) 

is the particular axis control torque (ft -lbs) 

2 

is the particular axis moment of inertia (Lb-ft-sec ) 


(48) 


Inspection of Figure A7 will show that it is not possible to traverse the distance 
between the decision and desired lines with less than 0.014 second engine on time. 
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Figure A8 is a good summary of single engine parameters as related to control 
system performance. It was taken from Reference 1. While the variation in specific 
impulse and impulse magnitude/engine was not simulated to the extent indicated on 
Figure A8, this data was used to estimate fuel consumption and minimum impulse. 

The value of specific impulse used was 280 seconds for long time engine firings. We 
note further that using the 0. 014 second firing corresponds to about 1 lb-sec. 

In the digital simulation, the full amount of torque was assumed generated 
instantaneously with engine on command and vice versa with engine off command. 

With 100 lb. engines, the minimum impulse is 1.4 lb. seconds, a value considered 
sufficiently close for present purposes. 

In addition, instead of computing fuel usage accounting for specific impulse 
change with engine firing time , the total torque impulse was obtained by integrating 
the torque output with time. The curve of Figure A8 is used to estimate the appropri- 
ate value of specific impulse to be applied in fuel weight calculation. 

The autopilot, of course, feeds engine on or off electrical signals to the service 
module reaction control system (RCS). 


Figure A9 summarizes pertinent information as regards the RCS in connection 
with the attitude control problem. As indicated, the RCS system comprises four 


clusters of 100 lb. jets spaced equally about the service module periphery. They are 
operated in pairs to yield pure couples as follows: 

Pitch 

Yaw 

Roll 


(+) 1 & 3 

5 & 7 

9 & 11 or 




13 & 15 

► Pilot select for roll 

(-) 2 & 4 

6 & 8 

10 & 12 or 
14 & 16 



The spacing is about 15 feet but the control moment for each axis is 1400 lb-ft 
rather than the 1500 which the diagram implies due to geometrical factors not shown. 

Each cluster is supplied from adjacent fuel and oxidizer tanks. Pitch expends 
equally out of the 2 and 4 tanks , yaw out of the 1 and 3 tanks and roll from either the 
1 and 3 or the 2 and 4 tanks, depending upon pilot selection. 
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APPENDIX B 

CONING MOTION DUE TO CENTRIFUGE INSTALLATION ON APOLLO CSM 

(EQUATION DERIVATION) 


Appendix A derived in detail the differential equations of motion for installation of the 
centrifuge and balancer (if needed) aboard the Apollo CSM, In addition, Apollo Service 
Module DAP Autopilot and Reaction Control System models were generated. The 
results of Appendix A were programmed in a digital simulation to determine present 
DAP capability to control the centrifuge spin axis motion. 

Herein we are concerned with simplifying the resultant differential equations 
to the extent that they can be integrated to obtain an estimate of the motion. This 
estimate is to be used to check the digital program output and provide a fundamental 
understanding of the effect of centrifuge installation. The simplifications consist of 
the assumption that vehicle is within the firing decision lines of the DAP auoipilot 
and, as such, that the autopilot will not fire plus certain kinetic simplifications identified 
below. 


Coordinate Definitions 
Figure B1 defines pertinent coordinates. 



Figure Bl. Vehicle angular perturbation model coordinate definition. 
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The super "o" frame is considered inert. The 1, 2 and 3 (no superscript) axes are 
fixed to the Apollo vehicle principal axes. Both frames of reference are centered at 
the system center of mass (SMC). The angular deviation of the Apollo vehicle is 
defined by the Angles 0 (roll), 6 (pitch) and 0 (yaw). These angles are considered 
small. The total angular rate of the Apollo with respect to the inert frame is given 
by either 9, 0, and 0 or the body fixed components, p, q and r. 

Figure B2 defines the centrifuge, balancer rotating bodies installation on the 
Apollo. The angle a defining the centrifuge spin axis direction is shown in general 
but herein the values 0 and 90 degrees are the two values of interest. 



Figure B2. Centrifuge, balancer installation coordinates. 


The angular rate of the centrifuge and balancer are y and y respectively. 

G B 


Derivation of Simplified Equations 

Appendix A gives the following relations for system momentum (Eq. 35). 




J N y C Ca 


, -J y Sa 
L N C . 


(l) 


B2 


VOL. I 



is the body fixed angular rate components 

is the effective moment of inertia matrix of the Apollo vehicle 

is the net unbalanced moment of inertia of the centrifuge, 
balancer combination 

is the system momentum calculated with respect to the SMC 

are the angular rates of the centrifuge and balancer respectively, 
relative to the Apollo vehicle. 

The |jj matrix depends upon the basic Apollo matrix and the centrifuge, balancer 
matrices, weight and location. They are all fixed numbers yielding constant values of 
the elements of the | J matrix. This is evaluated in Appendix A. For present purposes 
it should be noted that the moments of inertia of the centrifuge and balancer about their 
CM are negligible in comparison to the Apollo moments of inertia (including mass and 
location of the centrifuge and balancer). Furthermore, for this analysis, fj] contains 
only the principal inertias . The quantity Jjj depends upon the balancer and 1 centrifuge 
spin moment of inertia and their rotational speeds , 
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K 
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centrifuge spin moment of inertia 

balancer spin moment of inertia 

ratio of balancer to centrifuge spin rate 

effective moment of inertia of the centrifuge plus balancer 


( 2 ) 


The components of angular rate coj of Eq. 1 are exactly p, q and r but p, q and 
r, for small values of 0,0 and 0, is (from Eq. 46 of Appendix A). 
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Incorporating these simplifications in the momentum Eq. 1 yields, 


■jj 0' 


j n y c Cci 


0 + MCffi 

V 

+ 

0 

= 

j 2 e 

, 3 3*. 


9 

-J y Sa 
. N C J 


9 

J 0 - MS a 

» u 


VOL. I 


B3 



Where M is the constant net momentum of the centrifuge and balancer. Now 
taking the total time derivative of the system momentum and equating to external 
torque yields the desired result. 
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V 

+ 
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i|> 0 + MCof i[) - Jg0 0 + MS a 0 
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J 2 0 e - J 0 G - MC0f9 


(5) 


( 6 ) 


which, when products of small angular rates are neglected, yields 


J 0 - MSof0 


T. = 
x 


Jg *0 + MCatf) + MS cl 0 



- MCaQ 


( 7 ) 


As mentioned previously, the installation angle a equal to zero and 90 are of 
interest. For each case a set of simpler equations result. 

0 ! = 0 deg. a = 90 deg. 



J 1 *0 


j 0 - M0 

T. = 
1 

J 2 0 + Mi/) 

T. = 

l 

J 2 0 + M 0 


J V - M0 




Solution of Eq. 8 subject to initial conditions in rate and displacement yields 
the intended fundamental understanding of the influence of the centrifuge. It is 
specified that the torques applied are zero, but an initial angular displacement and 
rate exists in pitch (this is sufficient excitation to see the results for a equal zero 
or 90 degrees). Taking a equal to zero first, the solution to Eq. 8 as a function of 
the pitch initial condition are 
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O' = 0 deg. 


0 =0 = 0=0 

# 

0 = 9 Q cos(Mt/y J 2 J 3 ) 

0 = 0 o + ( ®o^VV M) Sin (MV/^Tg) (9) 

i> = 0 o yJ 2 /J 3 Sin (Mt//j^J 3 ) 
i/>=(0 o J 2 /M) [l - cos (Mt/y Jg Jg) j 


For the a equal zero case the inertias J 2 (pitch) and J3 (yaw) are essentially equal. 
The resultant motion is a circular rotation of the roll axis about the point defined 
by 0 O and 




( 10 ) 


This is the precession angle common in spinning bodies. The coning motion has 
a half angle magnitude equal to $ and of period (full revolution) 


P = 


2nJ 

M 


( 11 ) 


A preliminary set of parameters enables evaluation of the motion. 

J = 25 , 000 slug ft 2 

1 2 
J = 220, 000 slug ft 

2 

J = 220,000 slug ft 
o 

M = 4,900 1b. ft. sec. (60 RPM, no balancer) 

» 

0 = . 1 deg/ sec (typical) 


From the above set of parameters 


_ 2it (220,000) 
4,900 

, .1 x 220,000 

«t = 4,'55S — 


= 282 sec. or 4.7 minutes 
= 4.5 deg. 
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So in response to an angular rate of 0,1 deg/sec. , the roll axis cones with a half 
angle equal to 4.5 degrees and one complete revolution occurs in 4.7 minutes for 
the case where the centrifuge spin axis is aligned with the Apollo roll axis. 


Now consider the case where a equals 90 degrees and integrate the correspond- 
ing Eq. 8. The result is 

a. = 90 degrees 

$ = jj) = if) = o 
0 =0 O Cos (Mt//J^) 

0 =0 o + (6 0 \/ J l J 2 /M) Sin(Mt/(/jjJ2) (12) 

0 =0 O V'J 2 /J 1 Sin (Mt//3iJ~ 2 ) 

0 = (0 Q J 2 /M) [l - Cos (Mt//J^)j 

The roll axis inertia, Jj is about an order of magnitude less than the pitch 
axis inertia, J 2 . The coupling is from pitch to roll, the period is different and the 
magnitudes of the angular couplings is different, all relative to the a equal zero 
case. The period is 


J2 

M 


(13) 


The coning is about the Apollo yaw axis (or about the centrifuge axis) and is 
elliptical in shape. The maximum pitch and roll angle ignoring the initial condition 
in pitch and the precession angle in 0 is, 

0 M = VM 


Again using 0 


equal to 0.1 deg/sec and the values of parameters given above, 


P = 95 see 
0 M = 1. 5 degrees 
0^. = 4. 5 degrees 

= 297 degrees/see 
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APPENDIX G 


CENTRIFUGE COUNTERBALANCE SENSOR SYSTEM 


Influencing Factors 

The sensing system has the primary task of resolving the presence of three 
dynamic disturbances affecting the centrifuge performance or affecting other experi- 
ments on the total spacecraft. These disturbances are: 

a. Static unbalance - defined as the offset of the centrifuge center of mass (CM) 
from the spin axis. The resultant is a force normal to the spin axis and 
through the offset CM. 

b. Dynamic unbalance - defined as an angular misalignment of the centrifuge 
axis with the spin axis. The resultant is a pure couple acting along a 
normal to the spin axis and fixed to the centrifuge rotating body. 

c. Acceleration torque - defined as an angular acceleration of the centrifuge 
mass about the spin axis whereby a reactive torque is transmitted to the 
spacecraft. 

The most difficult task in devising a sensor system lies in providing the ability to 
discriminate. The factors involved in the discrimination are those of geometric 
direction of the forces to be sensed, their possible coincidence, structural deflections, 
fabrication tolerances, friction, and practical features such as ability to install and 
adjust. Force transducers suitable for this application have full range travels on the 
order of ±.001 in. to ±.012 in. When it is realized that multiple sensors are required 
in order to distinguish the source of the disturbing force, it becomes apparent that a 
keen effort must be applied to prevent the sensor from being influenced by other factors. 
Daring the period of acceleration a large force couple exists in a plane parallel to the 
spin plane (exception: use of CMGs to balance acceleration torques of the centrifuge, 
in which case a minor force couple exists due to bearing drag) and has a very significant 
influence on any sensors lying in the same or parallel planes. It has been established 
that the sensor system must be operational during acceleration, hence an unbalanced 
static condition must be filtered from the acceleration couple for those systems not 
using CMGs. 

The design of the centrifuge requires that the sensor system must be located 
geometrically in the hub area. This particular geometric arrangement in a cantilevered 
centrifuge causes a CM offset to produce a lateral force (relative to spin axis) and 
a moment acting normal to the spin plane. Since the dynamic unbalance couple also 
acts normal to the spin axis, a problem of discrimination exists if these moments and 
couples are to be used to energize sensors. 
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Ground Rules and Assumptions 

Some of these ground rules were established as the course of investigation 
proceeded. They were arbitrarily changed as other affecting information became 
available, such as changes in mass distribution, mass moments of inertia and validation 
of limits imposed by definition of experiments . 

As a result of the spacecraft dynamics investigations it was determined 
that the worst case couple produced by a dynamic unbalance was of a low enough 
magnitude that trim weight compensation would not be necessary. This offered con- 
siderable relief in both the sensing and the trim weight system. Although it is not 
necessary to generate a sensor response to dynamic unbalance, it is still necessary to 
prevent the dynamic unbalance (force couple) from registering on the static unbalance 
sensors or, alternately, a means must be devised to discriminate between the inputs. 

It was also determined that the counter-momentum system (CMGs) need not 
necessarily be dependent upon sensing the acceleration torques. Again, a sensor 
response is not required but the influence from acceleration torques must be isolated 
from static unbalance sensing. 


The primary ground rules are tabulated below: 


a. Only static unblance is required to be sensed by the force transducer 
system. 

b. Structurally, the hub components must be capable of developing the full 
stall torque of the drive motor without impairing the subsequent operation 
of the sensor system. Pending better definition of the drive motor, this is 
set at 1000 ft - lb torque at the output pinion of the drive motor gear box. 

c. The threshold of active balancing is set at 10 lbs of force resulting from an 
offset CM (static unbalance). The sensors objectively shall be capable of 
detecting unbalances at force equivalent to 5 lbs or below to allow for anomalies 
in the remainder of the system, 

d. The maximum acceleration/ decelration of the centrifuge while under drive 
motor control will be held to .171 rad/sec^. 

Selected System 

Several factors were considered in the decision process to select a system from 
three prime candidates. All systems were similar but generally were considered 
single -plane or 2-plane systems; these planes being parallel to the spin plane. The 
chosen system is a single -plane type with this plane just below the primary structural 
frame and just above the hub rotation bearings. The primary factor in the choice of 
this system stems from ground rule No. 1. 
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Important features of the selected system are: 

a. A near minimum of sensors. This factor is important because of the 
micrometer accuracy needed to adjust each sensor. Additionally, since 
malfunction within the acceleration control and/or counterweight positioning 
can result in loads far in excess of the force transducer limits, an overtravel, 
bottom -out structural point is provided. The overtravel allowance must be 

in the region of . 001 in. and again micrometer type accuracy is needed, hi 
short, each sensor sets a requirement for two micrometer type adjustments. 

b. Accessibility to sensors and the aforementioned adjustment devices. Some , 
of the alternate configurations required extension devices on the adjustor. 
Sensor replacement would also be difficult because of submergence within 
the hub. 

Description of System 

The location of the sensor plane is 39.6 in. from the centerline of rotation of 
the couch (spin plane). This plane is also 1.75 in. from the primary structure frame. 

See Fig. Cl Convair Drawing SRC-SD-407. Each of the six sensors is suspended by 
tie-rod and acts in tension only, having a range of 0 to 200 lb. Each is preloaded to 
100 lb. Positive stops are provided at each of four pick-up lugs to react overloads. 

In normal operation the sensors react all pertinent loads and it is only the abnormal 
conditions which will cause structural bottoming. 

A circular ring of approximate "C" cross section, connects the hub and its equip- 
ment to the centrifuge primary structural frame. This ring contains the pick-up 
reaction lugs for the sensor system and is connected at the reaction lugs to a cross - 
bridge structural frame via four jaw type fittings. The reaction lugs are essentially 
free floating within the jaw fittings, being suspended laterally by the sensors and having 
lateral movement within the range permitted by the positive stops. Vertical movement 
is dimensionally controlled to .002-. 004 in. by the machined reaction lugs and jaw 
fitting. The upper and lower faces of the jaw fitting are teflon lined to reduce lateral 
friction drag so as to inhibit this influence upon the forces transmitted to the sensors. 

The cross -bridge frame attaches to a circular flange of the main spin bearing 
inner race cylinder structure. 

The cross -bridge frame and the circular "C" ring contain all of the elements of 
the sensor system. Overall dimensions are 34. 6 x 49 x 6. 75 thick. The complete 
sensor system can be set up, adjusted and tested separate from the centrifuge. In the 
event the sensor system is not required, it could be replaced by a simple structural 
conical adapter. If it is desired to operate the centrifuge with the sensors inactive 
there are no detrimental effects. 


VOL. I 


C3 




Figure Cla. Drive Hub and Sensor System 
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Two ball bearings of special construction comprise the hub rotation and retention 
system. These bearings are spaced 18.50 in. apart, have a race diameter of 19.50 in., 
and are identical. They react radial and thrust loads. The bearings are mounted to an 
inner race cylinder structure which picks up the sensor cross -bridge frame at one end 
and has a cross beam at the other. A rotary capacitor is mounted on the cross beam 
coincidental with the centrifuge spin axis. The outer races of the bearings are contained 
in a barrel assembly which is the primary load carrying stationary structure. 

Analysis of Sensor System 

As noted previously, three dynamic disturbances affect the sensors. These are 
static imbalance, dynamic unbalance and acceleration torques. The selected system 
need only distinguish the static unbalance and the problem lies in filtering out the other 
two. The following paragraphs describe the characteristics of these forces relative 
to performance of the system. 


The tolerable CM offset equivalent force is 10 lb. The goal for sensor capa- 
bility is set at 5 lb. or below. 

The forces at selected offsets of 2", 4" and 6" are shown in Table Cl, and 
plotted on Figures C2 and C3. The 6" offset approximates the 'condition of ma xim urn 
subject and couch displacement (re-entry) without a corresponding displacement of the 
counterweights . 

2 

F z ma, where a = R© 

F = mRw 2 = 61.2 Rcu 2 = 10. 20 w 2 for 2" offset 

20. 40 J 2 for 4" offset 

30. 60 co 2 for 6" offset 
2 

a - radial acceleration, ft/sec 

w = angular velocity, rad/sec 

m - mass of centrifuge = 61. 2 

F - force 

R - radius or offset, ft. 

Dynamic unbalance produces a pure couple acting about a normal to the spin axis 
and fixed to the centrifuge rotating body. The geometry of the sensor system, whereby 
a single plane of sensors is utilized, was purposely conceived to reduce to zero the 
forces reacting the dynamic unbalance in the sensor plane. Although the forces do not 
act in the sensor plane, there is a retarding friction force produced when the dynamic 


lb. sec. 
ft 


5 W = 1973 lb. 
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Table Cl. Static Unblance Force Vs. RPM for Selected C. M. Offsets 


















a, 2 

F 

2" 

OFFSET 

4" 

OFFSET 

6" 

OFFSET 

.01093 

.1118 

. 223 

.335 

. 0684 

.70 

1, 398 

.2. 096 

. 0986 

1.006 

2. 010 

3.020 

. 1750 

1. 788 

3. 570 

5.350 

. 2740 

2.790 

5. 570 

8.360 

. 3935 

4.020 

8.010 

12. 050 

.5350 

5.460 

10. 90 

16. 390 

.6990 

7.140 

14 . 24 

21.40 

.8890 

9. 120 

18.20 

27.30 

1.093 

11.18 

22. 30 

33.50 

4. 370 

44.60 

89.10 

133.80 

9.830 

100. 60 

200. 20 

300. 50 

17.50 

178.80 

356.5 

535.0 

27.35 

279. 0 

556.0 

835.0 

39.35 

402.0 

802.0 

1203. 0 

53.60 

548.0 

1092. 0 

1640. 0 
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WT.OF CENTRIFUGE = 1973 LB 


MAXIMUM 
PERMISSIBLE 
RESIDUAL 
FORCE INPUT TO 
SPACECRAFT 


' MANDATORY 


4 /- 


SENSOR 

CAPABILITY 

TO 

DETECT 


'OBJECTIVE 


RPM 

Figure C2. "Static" Unbalance Force Vs, RFM for 
Selected C.M. Offsets 
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unbalance occurs simultaneously with a static unbalance condition. This friction 
force is important, as will be noted later. The maximum dynamic unbalance couple 
is 150 ft-lb. (see Dynamic Analysis) and occurs during the re-entry test. 

Acceleration torques produce a couple in the sensor plane and thus cannot be 
denied direct registration on any non -radial sensors. The resulting force values 
for the tangential sensors of SRC-SD-407 are high relative to threshold forces result- 
ing from CM offset, and hence present a problem in sensitivity and discrimination. 
The maximum acceleration is .171 rad/sec^ (ground rule No. d), producing a 
maximum torque for the re-entry profile of 250 ft. -lb. Torques slightly above this 
will cause bottoming of stops at the reaction lugs of the attaching ring and will over- 
whelm CM offset resultant forces on the sensors. Since most cases of CM offset 
will occur along the Z-Z axis, the four sensors which must combine the torque loads 
with offset- CM loads are aligned along the Y-Y axis. The 250 ft-lb. torque is the 
forcing factor requiring sensor preloads on the order of 100 lb. Ibis will be more 
evident in the example cases to be discussed later. 

Figure C4 shows the sensors arrangement and pertinent force systems in 
orthogonal views. The sensors are labeled A, B, C, D, E and F. The symbols 
within the boxes represent die actual forces felt by that sensor, Fp and Ff represent 
friction forces in opposition to lateral motion by the direct forces in the Z and Y 
directions respectively. The subscript p, denotes preload in the appropriate sensor. 

In Plan View 

+ 

£F z = 0 = -F sine - (Ap - F z )+ (Dp + F z ) + 2F p 
where 

Ap = Dp (preloads cancel) 

„ - F sin 9 -2 Ff 


+ t X) Fy = o = -FcosS + (Bp + F y -F x ) + F ( + (Cp + F y + F x ) + Ff 

- < F p - F y + F X ) - (Ep - F x - F y ) 

where 

B - F and C - E (preloads cancel) 

P P P P 

Fcos9 -2F f 



CIO 


4 


( 2 ) 
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EMj, = 0 = T + (Bp + F y - F T )b t (Ep - F X - F y p 

- < F p - F y + F T >b 
where 

Bp = Fp and Cp : Ep (preloads cancel) 

T 

p T = -iF- 


In RH View 
+ 

2 F z s 0 : - F sln e + <°P + F z> + f f - (Ap - F z> * f F 
where 

Dp : Ap (preloads cancel) 


Fz " 


Fsin 8 -2Fp 
2 


+ f£F y - 0 = F x + F 2 - F 1 - F 2 



£m o = o = -M s in a - F sin 9 a + F b + F b + F 

1 M X 


Fl 


Fsin 0 a 



, _ M S i nQ! 

2 ' ~»T~ 


Fp : (Fj + F 2 )p 
^ r coefficienct of friction 


(Cp + Fy + F-p)^ 

( 3 ) 


+ F^ b (no vertical sensors) 

(4) 

( 5 ) 

( 6 ) 
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lii LH View 


FcosQ + (F p - Fy + F t ) + (Ep - F T - F y ) -Ff . (B p + F y - F^ 

- V F y + F t> - F f 

where 

Bp and Ep ■ Cp 

Fcos0 -2 F^ 

4 

+ 1 ^Fy : 0 : Fg + F 4 - Fg - F 4 

Mq ° 0 = F cos 0 a + M cos a -ZFgb - 2F b 

(but there are no sensors aligned vertically) 


Fcos 0 a 

(7) 

2 b 

M cos a 

( 8 ) 

2 b 

(F 3 + F 4 )m 

(9) 



£Px 1 0 = 


Sensor Thresholds and Limits 


From the convention of directions established in Figure C4, the desired force 
sensing along the Z-Z axis is obtained by algebraic subtraction of sensor D from A. 
Force sensing along the Y-Y axis is obtained by algebraic subtraction of sensors 
E + F from B + C. This latter task is a bit more nebulous due to the unavoidable 
presence of spin-up (or down) torques also registering on sensors B, C, E, and F. 
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The sensors selected to perform this task would be equivalent to PACE Engineering 
Co. force transducer LC1 except that a range of ± 200 lb. is required (largest current 
model is ± 100 lb. ). The claimed sensitivity is 1 part in 10, 000 and a hysteresis 
excursion of ±. 25%. A useable output then is assumed to be at any change of force on 
the sensor greater than . 5 lb. Hie point at which the counterbalance drive system is 
to be activated is when the paired sensors acting along the Z-Z or Y-Y axes have a 
force difference, AF g , of 3 lb. 

Working to the AF g noted above, the threshold limits will be established at the 
instant of centrifuge start-up. 

Case I - The CM offset is along the Z-Z axis (most probable case). 

0 : 90, ° sin 9 = 1.00; a- 90°, sin a - 1.00 

_ F sin 0 - 2FF 

F z 2 

then : 

2F Z - F sin 0 - 2Fp 
or : 


2F Z + 2F F 

F = 

sin 0 

but : 

2F z Z AF s 
or : 

F z - AF s /2 
then : 


2 ( A f s / 2 ) + 2F F 
sin 0 


AF g + 2Fp 
sin 0 


C14 


Fp = (F 2 + F 2 )p 
F^ = Fa sin 0/2b 
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F2 


M sin oi 
2b 


then : 


Fp = 

and : 


F a sin 0 
2b 


M sing 
2b 




F = 


AF + 2ji 
s 


F a sin 0 + M s in a; 


Sin 0 


or : 


F sin 0 




AF S + 


M M sina 


or : 


F 


AF g + (Mjut sina)/b 
sin 


but 


sina = sin 0 = 1. 00; 

D 


(.04) (38. 75) 
(14.40) 


then : 


F = 


AF + M^/b 
s ' 

1- .1076 


AF + (. 04M/14.40) 
s 

.8924 


AF 


.8924 


+ . 00311 M 


for : 


AF_ = 3.0 1b. 

s 

F = -JL2_ + . 00311 M = 3. 36 + . 00311M 
. 8924 


.1076 
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also ; 


F t = T/4b = 


(250) (12) 
(4) (14.40) 


52.08 lb. 


Note that in the region of start-up the influence of the dynamic moment, M, can 
be considered negligible. Thus counterbalance corrections will begin essentially 
when F - 3. 36 lb. 

Referring to curve of Figure C2, and plotting rpm against CMoffset,' at 3.36 lb. 
equivalent force, the curve of Figure C5 is obtained. — This represents the thresh- 
holds at which counterbalancing will begin for CM offsets along the Z-Z axis. Since 
sensors A and D are aligned along the Z-Z axis, and since they are so arranged that 
spin-up torque has no effect upon their output, they will be most effective in the most 
probable initial condition of static unbalance. 
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Figure C5. Counterbalance Drive Actuation - Margins from 
Sensor Sensitivity Limits. 
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Case II - This considers the less prevalent case of CM offset along the Y-Y axis. 
In this case the AF g of 3 lb. is the difference in register between sets (B + C) and 
(E + F) 

0 - 0°, cos 0 = 1.00; Oi = 0°, cos O' = 1. 00 

_ - F cos 0 -2Ff 
F y 4 

then : 


4 Fy = F cos 0 - 2Ff 


or : 

4 Fy + 2F f 

p : 

cos 0 


but : 

4Fy - AF S 


or : 


Fy - AF s /4 


then : 


F = 


4 (AF s /4) + 2F f 
cos 0 


AF + 2F„ 
s I 

cos 0 


Ff = (F3 + F4 )fj 


„ Fa cos 0 

F 3 a 


, _ M cos a 

4 " 2b 


then : 


F f - 


F a cos 0 


M cos a 


2b 


2b 
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and 


F = 


AF g + 2 M 


J 


F a cos 9 , M cos a 


2b 
cos 9 


2b 


or 


(i a 4 . A1 _ , cos a 

F ( cos 9)(1- ) - AF S + ^ 

or 

AF + Mm cos a/b 

F = — r 

cos 9 (1 - - ) 

b 

but 

cos a i cos 9 - 1.00; - .1076 

b 

then 

AF + MM/b 

_ O 

F ' 1 -.1076 

for 

AF g = 3.01b 

F = 3.36 +. 00311 M * 3. 36 lb 

(since M is negligible at start-up) 

also 


AF 
s 

.8924 


+ . 00311 M 


F t = 52. 08 lb. 

The Y-Y axis counterbalance drive system is activated per Figure C5 at the 
same offset force level as for the Z-Z axis. Note, however, that sensors B, C, 
and F are required to possess a usable output in the region of . 75 lb. which approaches 
the probable sensor sensitivity limit of . 5 lb. This is noted on Figure C5 by the 
decreased band of signal generation between the sensitivity limit and the point of 
drive system activation. 

Case III - The offset CM is at an angle of 0 - 45°. If the effects of moment at 
start-up are ignored, the threshold of counterbalance activation will be: 

0 : 45°; sin 0 1 cos 9 = . 707 
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CASE III CASE II CASE I 


Table C2. Force Sensor Inputs 


Sensor 



Force Sources 

A - F 

= 100 - 1.5 

P z 

B + F 

- F T = 100 + 0 - 52. 08 

p y 


C + F 

+ F T = 100 + 0 + 52.08 

p y 


D + F 

= 100 +1.5 

P z 

E - F 

- F = 100 - 0 - 52. 08 

p y 

T 

F - F 

+ F T = 100 - 0 + 52. 08 

p y 




Sensor) 

Resultant 


The negative value for AF indicates the direction for correction along the 
Z-Z axis. The 3. 0 lb. inlicates the force level at which the equivalent 
voltage output commands correction from the Z-Z axis drivers. 

The 0. 0 AF for (B+C) - (E+F) indicates no signal for Y-Y correction, 
s 



A - F = 100-0 
P z 

0.0 

100.0 

B + F - F„ = 100 + .75 - 52.08 

p y T 

-51.33 

48.67 

C -t- F v + F_ = 100 + .7 5 + 52.08 

p y t 

52.83 

152.83 

D + F = 100 + .0 
P z 

0.0 

100.0 

E - F - F_ - 100 - .75 - 52.08 
p y T 

-52.83 

47.17 

F - F + F_ = 100 - .75 + 52.08 

p y t 

51.33 

151.33 


I 

i 


(A-D) = 

0.0 


-<B + C) 
-(E * F) 
3.0 


The plus value for AF S indicates direction. The 3. 0 lb. indicates the 
force level at which the equivalent voltage output commands correction 
from the Y-Y drivers. 



A - F 
P z 


100 -1.5 


EL + F - F = 100 + .75 - 52.08 
P y T 

C + F + F = 100 + .75 + 52.08 
P y T 

D + F -100 + 1.5 
P z 

E - F - F = 100 - .75 - 52.08 
P y T 

F - F + F : 100 - .75 + 52.08 
P y T 



98. 

50 

48. 

67 

152. 

83 

101. 

50 

47. 

17 

151. 

33 


I 

I 


-(A-D) o 
-3.0 

- (B + C) 
-(E + F) H 
3.0 


The 3. 0 lb. in both axis indicates the force level at which the equivalent 
voltage output commands correction in both axes with direction determined 
by the sign. 
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in Z - direction 


AF 


F = 


s 


sin 0 (1 - ■ ) 


F = 


3.0 


.707 (.8924) 


= 4.75 lb. 


in Y- direction 


AF 


F = 


JL 


n /n M_v 

COS 0 (1 - -g— ) 


3.0 


(.707) (.8924) 


= 4. 75 lb. 


The 4. 75 lb. represents the maximum condition of force from a CM offset 
before correction is initiated. In cases of offset CM between angles of 0° to 45° 
and 45° to 90°, the drive system for the nearest axis will be initiated ahead of the 
other. This effectively drives the angle 0 toward 45°, and when combined with an 
increase in rpm (F increases) the other axis drive system will be energized at that 
time when the generated level of voltage is equivalent to a AF g of 3. 0 lb. or greater. 
The time interval is dependent upon centrifuge acceleration but would likely be a 
fraction of a second or perhaps as long as a few seconds. 

Table C2 summarizes the force conditions as felt by the sensors for the 
foregoing cases. Figure C6 shows the threshold response as related to the offset 
CM force at angles 0. Note that the objective of initiating corrections from the 
sensor system at equivalent offset forces below 5 lb. is met. (See also Figure G2) 

Figure C6shows the threshold response as related to the offset CM force 
at angles 0. Note that the objective of initiating corrections from the sensor system 
at equivalent offset forces below 5 lb. is met. (See also Figure Cl) 

The foregoing paragraphs established that the system is functionally capable 
at the regime of start-up and corrections will be initiated at rpms generally below 7. 
(See Figure C6. ) This assumes that the drive motor is controlled such that angular 
acceleration does not exceed . 171 rad/sec^. At the low rpms it was shown that 
dynamic unbalance has negligible effects. 

The next consideration is the high rpm case where the dynamic unbalance has 
significant inputs. 
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Figure C6. Imbalance Force at Counterbalance Drive Actuation 
Vs. Coordinate Direction - Start-up Regime. 


The sensor geometry intentionally precludes the direct imposition of forces 
onto the sensors from dynamic unbalance. The reacting forces are taken by the 
structure directly in a direction normal to the plane of sensor activity. There is, 
however, an indirect effect upon the ability of the sensors to pick up static unbalance 
forces through the mechanism of friction. It is conceivable that for some circumstances 
of combined static and dynamic unbalance the dynamic couple will alleviate the unwanted 
friction opposition contributed by the moment of the unbalanced static force F^ and F3 
resulting from sensor plane displacement of 38.75 in. from the CM along X-X axis . 

The condition posing the worst circumstances for the sensors occurs during the 
re-entry experiment at maximum angular velocity (65. 3 rpm, 9 g’s). 

Three cases will be assumed: 

Case I: 0 - 90°, sin 0 = 1. 00; T = 250 ft. -lb.; rpm = 65. 3 

a = 90°, sin a - 1. 00; M = 150 ft. -lb. (same direction as F in Z-X 
plane) 

The torque, T, is actually something less than 250 ft. -lb. since the desired 
speed has just been attained and the motor no longer must produce an acceleration. 
Proper programming in fact would probably consist of easing the acceleration perhaps 
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several seconds before the intended rpm was reached. Nevertheless the 250 ft. -lb. 
will be used in this illustration. 

F = 3.36 + .00311 M 

- 3.36 + (.00311) (150) (12) 

= 3.36 + 5.60 - 8.96 1b. 

F t - 52. 08 lb. 

Case II: 9 - 45°, sin 9 - .707; T - 250 ft. -lb. ; rpm = 65.3 

a = 90°, sin cc a 1.00, cos a = 0; M r 150 ft. -lb (in Z-X plane) 
in the Z - direction: 

AF + M -- sin a 
F r k 

sin 9 (1 - ~^-) 


3.0 + (150) (12) — — - (1.00) 
. 707 (. 8924) 


3.0 + 5.00 
(. 707) (.8924) 


8.00 

(. 707) (. 8924) 


12. 67 lb. 


in the Y- direction 

„ MMcosa 

F = 5 b 

cos 9 (1- -^-) 


= - Y = 4 75 lb 

(.707) (.8924) 

This indicates that movement will initially occur along the Y-Y axis as soon as 
F : 4.75 lb. and F will not reach 12. 67 lb. as 9 will be driven toward 90°. A plot 
of the four quadrants of action produces the intersecting curves shown on Figure C2 
in which 9 : variable and « = 90°. 
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Case III: 0 - 45°, sin 0 : cos 0 = .707; T - 250 ft. -lb.; rpm =65.3 


a ~ -45°, sin a - cos a 


in the Z direction 


.707, M = 150 ft. -lb. 
(same direction as F) 


A p + M (i cos a 
s b 

cos 0 (1 - 

D 

q nn + (150) (12) (.04) (.707) 

,U 14.40 _ 3.00 + 3.535 

(.707) (.8924) " (.707) (.8924) 


6.535 

(. 707) (.8924) 


10. 35 lb. 


in the Y - direction 


by similarity, F = 10. 35 lb, 
VOL. I 
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The curve of Figure C8 represents this condition. Theta is varied and a = 45° . 
Note from Figure C7 and C8 that the objective of initiating corrections from the 
sensor system at forces below 5 lb. is not met and that the peak response also slightly 
exceeds the mandatory 10 lb. line. It is considered that in actual operation the curve 
will approach a lower value, however. The rationale for this belief stems from the 
near proximity of the sensor assembly to the bearing area since at the high rpms 
stated, the slight dynamic jitter will have the effect of lowering the coefficient of 
friction - and about half of the total threshold force equivlant is due to friction 
contribution. 



ANGLE 9 , DEGREES 
Figure C8. Force Vector Relations. 


To determine that region at which the moment, M, causes the sensors to exceed 
the objective of a 5 lb. threshold, the curve of Figure C8 will be considered a 
maximum condition (at which 0 = 45° when a - 45°) 


A p _|_ M Msina 

sln „(l - -f-) 


3.00 


, M (12) (.04) (. 707) 
(14.40) 


. 707 (. 8924) 


3. 00 + . 0236M 
(. 707) (. 8924) 


4.75 + , 0374 M 
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The moment, M, can be expressed as a force couple with the force being Fj^ 
and the moment arm S; then 

M - F M S 

Fj^I is the force due to reaction to centripetal force in which 
F M = ma R 

is the centripetal acceleration and is related to angular velocity by 

a^ = Rto^. 

Then F^ = mRw 2 and M = SmRoo 2 in which m, R and S are constants, making M 
= Kw 2 . From this, values for M can be determined at various rpms which in turn are 
used to relate the threshold sensing to centrifuge rpm as shown in Table C3. 

Evaluating K: 

At maximum rpm (65. 3), M = 150 ft. - lb, 

then 

2 7T 

(o = 65. 3 x —7 7 T - ~ 6. 84 rad/sec. 
max 60 

and 

M = K&)2 = 150 = (6. 84) 2 K 
or 

K - l50/(6.84) 2 = 3.205 

Table C3. Summary of Sensor Forces at Selected RIM for Maximum Speed 
Regime, Case III Conditions. 


RPM 

O) 

M = 3.205 a) 2 

F = 4. 75 + . 0374 M 

65.3 

6.84 

150 

4.75 + 5.61 = 10.36 

60 

6. 28 

126. 3 

4.75 4.72 = 9.47 

50 

5.24 

88.0 

4.75 + 3.29 = 8.04 

40 

4.19 

56. 3 

4.75 + 2.11 = 6.86 

30 

3. 14 

31.6 

4.75 +' 1.18 = 5.93 

20 

2. 09 

14.0 

4.75 + .52 = 5.27 

10 

1.047 

3.51 

4.75 + .13 =4.88 

5 

.523 

! 

. 88 

4.75 + .03 = 4.78 

0 

0 

0 

4.75 + .0 = 4.75 
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This of course is the extreme case. Assuming also the more probable case 
where 9 = 90° with a at 90° the curves of Figure C9 are plotted. ( See Table C3 
for data for the ’’normal" curve of Figure C8). True operating characteristics 
will be within the shaded band and most probably near the lower limit. It is evident, 
then that the sensitivity of the sensor System can be enhanced by closely controlling 
those features of the centrifuge which contribute to dynamic unbalance. Figure C3 
is rather significant in that the dynamic unbalance contribution is readily seen as a 
function of centrifuge speed. Without the friction contribution the curves would be 
horizontal straight lines with values as determined by the left side origin. 


Table C4. Summary of Sensor Forces at Selected REM for Maximum 


Sneed Re vi m 

ie Case I Conditions. _ 

REM 

O) 

M 

F = 3.36 + (.0374) M 

65.3 

6.84 

150 

3.36 +5.61 = 8.97 

60 

6. 28 

126. 3 

3.36 +4.72 = 8.08 

50 

5.' 24 

88.0 

3.36 +3.29 = 6.65 

40 

4.19 

56.3 

3.36 +2.11 = 5.47 

30 

3. 14 

31.6 

3.36 +1.18 = 4.54 

20 

2. 09 

14.0 

3.36 + .52 = 3.88 

10 

1.047 

3.51 

3.36 + .13 = 3.49 

5 

.523 

.88 

3.36 + .03 - 3.39 

0 

0 

0 

3. 36+0 = 3. 36 


Recalling Figure C3 it should be noted that sensors B, C, E and F include 
the forces due to drive motor torque. This torque is taken directly by the sensors 
and sets their full range (200 lb. ) and preload values (100 lb. ). The purpose of including 
this torque within the sensor reading has not been completely understood by others who 
are not directly associated with the problem. The primary reason is that unless the 
drive torque is taken through the sensor, it is of such a significantly larger value than 
the offset CM force that the force whose detection is required would be obliterated . 
Such a case exists in Alternate No. 1 in the next section. Although it is not 
intentionally so, the torques can be used to drive the countermomentum system. 

The driving torques result in sensor loads near the extremes of the prescribed linearity 
curve where deviation is greatest, hence a spurious signal may be generated. This is 
an area of uncertainty. However, it is emphasized that control of torque by control 
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of drive motor acceleration is necessary within the aforementioned limits of 250 ft. -lb. 
to insure that undesirable outputs from the sensors are not created. 



Figure C9. Unbalance Force Band- width Vs. RPM. 


Alternate Systems 

In the course of arriving at the selected system, several other concepts were 
investigated to certain depths and in most cases to different ground rules. Therefore, 
those concepts cannot be considered strictly as alternates to the selected system. Only 
two of these will be described here and are included for the purpose of perhaps showing 
to some degree the problem areas that are present, but not readily seen, in some concepts. 
These systems are designated Alternates 1, and 2. The assigned numbers bear no 
significance. Briefly, they are: (1) Similar to the selected system and conceived to 
the same ground rules. Four sensors are used instead of six. The main problem lay 
in torque and friction loads producing a system less sensitive than the selected system. 

(2) Consisted of ten sensors and was conceived to register all three modes of disturbing 
forces. It was not sensitive to friction forces. Minimum difference between ground and 
orbit configuration was inherent. Most complex with prime difficulty of manufacture 
and assembly and precision adjustment!, ' difficult accessibility, and not easily omitted if 
desired. 
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Alternate 1 


The sensor force system is shown in Figure CIO. Note that it is similar to the 
selected system; the primary difference being in the treatment of torque. This system 
attempts to remove torque from the sensor readings and route it directly through structure. 
However, it is the torque influence which defeats the system. The same convention is 
used here as for the selected system, and the appropriate forces are shown on Figure CIO. 


The driving torque is transmitted through a double universal joint. This also 
requires a longitudinal slip joint. Such a device is shown in Figure Cll. In order 
for sensors A, B, C and D to register a change in force it is necessary that displace- 
ment should occur, even though it is on the order of .001/. 002. For the universal 
joint to permit this, the pivot points must displace and a slight angular misalignment 
will occur. If one of the U-joints is analyzed at the pivot, an equivalent force, P, to 
cause this rotation can be obtained. This force, P, then also consists of the force 
prohibiting movement that is desired at the sensors. 


The torque is 250 ft. -lb. or 3000 in. -lb. To be most favorable it is assumed 
roller needles are used and a coefficient of friction of . 005 is assumed (dry lube only 
can be used). 


F N = = 2000 lb. 

o 

F = F M 
r F N 

Fp = 2000 (.005) = 101b. 

Pa = Fp (. 3l)(2) 

Fp (• 31) (2) 

P - 

r - (10) (.31) (2) 

a 

Jr ~ 

a 


But the same must occur at the other U jointjhence P = — ~ • 

For practical purposes, "a" will be in the neighborhood of 2 in. and there- 
fore P will be 6.2 lbs. Now if one examines the equations on Figure CIO and 
; compares to Figure C4 of the selected system it will be noted that they are the same 
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B + F 

p y 


F 


Z 


F sin 0 - 2F 
F 

2 


F = 

y 


F cos 0 - 2F f 


F F =(F 1 + F 2 )M 

Ff = (F 3 + F 4 ) fi 


-X 

™ _ F sin 0 a 

V “ £b 

„ M sin a 

F = — ■ — — — — 

2 2b 

„ _ F cos 8 a 

V 2b 

„ _ M cos a 

V - iT - 

/j = 0.04 (TEFLON) 



Figure CIO. Sensor Force Diagram -Alternate No. 1 
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and that forces F^, F2, F3 and F^ exist in both systems as a retarding friction force. 

Also working as a retarding force is the load P above. Its magnitude is actually greater 
than the friction resistance and must be additive to the friction resistance. Obviously 
considerable sensor sensitivity is lost and points up the basic reason for routing the 
torque through the sensors in the selected system. 

Another very serious fault with Alternate 1 lies in the assumption that the U-joints 
would be in perfect initial alignment. This would likely be impossible. Now if some 
eccentricity did exist initially, and the 250 ft. -lb. of torque is applied, this eccentricity 
will not be removed since the joint is essentially locked up as compared to the "floating 
joint” desired. If displacement actually did occur and the trim weights were signalled 
to move, considerable overshoot might be required before a null signal would occur from 
the sensors. The system would have the inherent trait of stiction and poor sensitivity. 

Alternate 2 

This alternate would be the prime candidate in the event all three modes were to 
be sensed. It is comparatively complicated and would present some problems in the 
rigging and subsequent adjustments. In fact, in view of the lower tier of sensors being 
submerged within the hub, it was anticipated that adjustment settings would.be accomplished 
by torque tubes extending from the micrometer screws to an area of accessibility. 

The sensor force system is shown in Figure C13. Note that the sensors are 
grouped in two parallel planes. In this system friction is of no consequence in the orbit 
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version since there are no vertical forces. Friction at the ball joint has a minimal 
effect due to moment arm ratios of 20:1 or greater. The torque sensors must lie in 
the upper plane or an interference couple will exist. Again a tie -rod suspension system 
is used to get away from the friction effects and lateral instability at the sensors. 
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ABSTRACT 


This document is a portion of the final report prepared under Contract 
NAS 1-7309, Feasibility Study of a Centrifuge Experiment for the Apollo Applications 
Program. The contract was performed for the Langley Research Center, National 
Aeronautics and Space Administration, Hampton, Virginia. The complete final 


report consists of the 

following documents: 

NASA CR-66649 
GDC-DCL-68-001 
(SRC-AN-703) 

Volume I 

Space Research Centrifuge Configuration, 
Installation and Feasibility Studies 

NASA CR-66650 
GDC-DCL-68-002 
(SRC-SD-604) 

Volume II 

Specification and Test Requirements - 
Space Research Centrifuge Engineering 
Development Prototype 

NASA CR-68651 
GDC-DCL -68-003 
(SRC-MS-112) 

Volume HI 

Experimental Requirements for the 
Space Research Centrifuge 

GDC-DCL -68-004 
(SRC-MS-302) 

Volume IV 

Manned Centrifuge Test Report 


This study examines the application of an on-board centrifuge as a 
versatile research tool for the measurement of human physiological responses in 
the space environment. A realistic orbital centrifuge is configured based on a 
specified series of experiments dealing primarily with vestibular and cardio- 
vascular physiology. Experiment feasibility is established in terms of spacecraft 
stability, reliability, safety, economics, weight, power and other influential 
factors. A ground based prototype of the orbital machine is defined and the re- 
quired test program outlined. The effects of cross -coupled angular accelerations 
induced by the interaction of the astronaut/ machine/ vehicle motions is examined 
by a series of ground centrifuge tests with human subjects. 



